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Albert Deisseroth, M.D., Ph.D.

Introduction:

This report summarizes progress on a project funded by the US Army Breast Cancer Research
Fund (DAMD 17-00-9457), which is designed to develop a new approach to the treatment of
breast cancer. We have placed two transcription units under the control of the L-plastin tumor
specific promoter: E1A and the cytosine deaminase (CD) chemotherapy sensitization gene. We
have shown that this vector is superior to those with only one transcription unit. We have shown
that this is the case in two types of settings: Breast cancer and colon cancer. During this past year,
two manuscripts have been accepted for publication on this work. The data presented in this
progress report shows that the two gene transcription unit vector (Lp-CD-E1A) is superior to the
either of the single transcription unit vectors. '

Body: Narrative Description of the Results During the Reporting
Period of Funding: July 1, 2001-June 30, 2002

Injae Chung from our laboratory was the first to show that a truncated L-plastin promoter could
produce high expression of transgenes in a tumor specific manner when placed in the adenoviral
vector backbone. Chung showed (Cancer Gene Therapy 6: 99-106, 1999) that infection of explants
of ovarian cancer cells with the AdVLpLacZ resulted in high expression levels of beta-
galactosidase, whereas no LacZ gene expression occurred in explants of normal peritoneal
epithelial cells (see Figure 1 below).

Ad.LP.LacZ Ad.CMV.LacZ
e e XY Peng in our laboratory then showed
(Cancer Research 61: 4405-4413, 2001))
that AdV with the LacZ reporter gene under
the control of the L-plastin promoter
(AdLpLacZ) produced beta-galactosidase
activity in breast and ovarian cancer cell
lines and explants of ovarian cancer (see
Table I below), but not in infected explants.
of normal peritoneal cells nor in organ
cultures of normal ovarian epithelial cells.
She showed that there was much more
toxicity of the AdLpCD vector when used in
e s - : vitro with SFC to explants of ovarian cancer
wF gll?é 1 'Panel A and B: Ascitic ovarian cancer cells infected  than there was to exp]ants of normal

“with either the AD.LP.LacZ or the ‘AD.CMV.LacZ vector. Panel E . .
‘and F: Biopsy cells from the mesothelium of patients undergoing peritoneal tissue (see Table II below). In

“surgical procedures exposed to elther the AD.LP.LacZ or the addition, the wuse of a replication
AD.CMV.LacZ vector. . incompetent AdV carrying a cytosine

deaminase transcription unit under the
control of the L-plastin promoter prevented engraftment of the Ovcar-5 and Skvo3 human ovarian
cancer cell lines in the peritoneal cavity of nude mice (see Table III below).




Table I Cells + for Beta-Galactosidase

Vector Ovar. Ca. Periton. Cells Cells

AdCMVLacZ 50-90% 60-80% Ovarian Ca.

AdLpLacZ 15-50% 1-4% Periton. Cells
100 . Ovcar-6 Ovarian Cancer Cells

3 8

Yumor Volume (mm3)
8

0 A

Ad-CMV-CD

D& 0

Ad-Lp-CD Ad-CMV-LacZ

Fig. 2 Effect of in vivo injection of tumor nodules with adenoviral vectors.

Albert Deisseroth, M.D., Ph.D.

Table II Cell Death After Vector/SFC  Table III: % Animals + for Tumor

% Cells Killed

AdCMVCD ALpCD Cell Lines AdLpLacZ AdLpCD
90% 75% Ovcar5 10/10 0/10
95% 10% Skov3 5/5 0/5

There was no toxicity to the normal cells of the
peritoneum. Finally, intratumoral injection of
the AdLpCD vector suppressed the growth of
ovarian cancer tumor nodules (see Figure 2).

Lixin Zhang of our laboratory created a series of
AdV carrying the E1A gene under the control of
the L-plastin promoter (AdVLpElA). His

experiments, which have been summarized in manuscript which has been published by the Journal
of Molecular Therapy (Mol. Therapy. 6: 386-393, 2002), showed that the AAVLpE1A vector was
1000 times more toxic to explant cultures of ovarian carcinoma than a vector carrying a LacZ
transcription unit (see Figure 3 below and Figure 4 below).

Figure 3

This AdLpEIA was as
toxic to explants of ovarian
cancer (see Figure 3) and
as was the AJdCMVEIA
vector (see Figure 3). The

a0

40 ~

20

Cell Death Percentage -

AdLpE1A was not toxic to
explants of normal breast
epithelial cells (see Figure
5 below) whereas both the
AdCMVEI1A vector and
the wild type adenovirus
were toxic. This showed

—fanve

AHCMVEIA
m——eem ABVLOEIA
— AdYTYTEIA

Adenovirus MOI

T et that Zhang’s cytolytic
vectors with the L-plastin
w 1000 promoter ~ were  tumor
specific. Finally Zhang

showed that the AdLpE1A
suppressed human tumor
xenografts of human breast

cancer cell lines (both MCF-7 and MBAMDA468) in SCID mice (see Figure 6 below).
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Figure 4 Figure 5

Ovarian Cancer Explants Explants of Normal Mammary Epithelial Cells

Wild Type Virus

Figure 6 The next step in the development of the

2500 AdV in the Deisseroth laboratory was

2000 the construction by Lixin Zhang of an
£ AdV in which the L-plastin promoter
:‘é 1500 1 :i:_scw_mz regulated a bicistronic transcription unit
2 1000 | Ad-Lp-E1 composed of the cytosine deaminase
g 500 | %~ WTAdS gene linked to the E1A gene by an IRES
element. These vectors were tested by

0

Hakan Akbulut, of our laboratory, in
collaboration with Lixin Zhang. The
AdVLpCDIRESEIA vector was first
compared in vitro with the AdVLpEIA
vector and the AdVLpCD vector. The
AdVLpCDIRESE1A was the most effective vector against the colonic cancer cell lines and much
more effective than the single transcription unit vectors.

0 16 25 55

Day after injection of adenovirus

Figure 7 Then,  Abkulut  studied

. ‘intratumoral injection of the
| P Adscomusmiaisee |_ AdVLpCDIRESEIA with and

N I— ot without SFC as compared to the

AdLpCD with and without SFC
(Akbulut et al: The efficiency of
replication-competent adenoviral
vectors  carrying  L-plastin
promoted cytosine deaminase
oo gene in colon cancer)). Again,
' the intratumoral injection of the
~ bicistronic vector with SFC was

: - ~ ~ much more effective in
suppressing the growth of the

AdLpCD4+5FC

Cum Survival
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human tumor xenograft than was the single transcription unit vector (see Figure 7). The work
proposed in the research grant application is designed to complete the final step in the development
‘of the adenoviral vectors for use as intracavitary therapy for ovarian cancer by modifying the
fibrillar protein to target the adenoviral infection to ovarian cancer cells. '

Key Research Accomplishments:

A. Development of a bi-cistronic transcription unit vector;
B. Demonstration that this vector is more effective in suppressing cancer than either of
the single transcription units

- Reportable Outcomes:

- Papers Completed During the Funding Period

a. Peng XY, Rutherford T, Won JH, Pizzorno G, Zelterman D ,Sapi E, Kaczinski B, Leavitt J,
Crystal R, and Deisseroth A. L-plastin promoter for adenoviral mediated tumor-specific gene
expression in ovarian and bladder cancer. Cancer Research 61: 4405-4413, 2001.

b. Deisseroth A, Fujii T, Peng XY, Austin D, Rutherford T, Brandsma J, and Schwartz PE.
Molecular Chemotherapy in CME Journal of Gynecologic Oncology 6:23-28, 2001.

c. Zhang L, Akbulut H, Tang YC, Peng XY, Pizzorno G, Sapi E, Manegold S and Deisseroth A.
Adneoviral vectors with E1A regulated by tumor specific promoters are selectively cytolytic for
breast cancer and melanoma. Molecular Therapy 6: 386-393, 2002.

d.Akbulut H, Zhang L, and Deisseroth A. The efficiency of replication-competent adenoviral
vectors carrying the L-plastin promoted cytosine deaminase gene in colon cancer. Cancer Gene
Therapy, In Press, 2002. '

e. Akbulut H and Deisseroth A. Prevention of Cervical Cancer: Chemoprevention. In Progress in
Oncology 2002. Eds: DeVita, Hellman and Rosenberg. Jones and Bartlett Publishers, Sudbury,
MA, 251-269, 2002. '
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Conclusions:

The initial strategy designed to create a conditionally replication competent which was
directly cytolytic on the basis of replication and was also sensitizing to chemotherapy, was shown
to be successful. We are now in the phase of completing the preclinical in vivo experiments
necessary to prepare for a clinical trial.

References: None \
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Appendices: Manuscripts

Peng XY, Rutherford T, Won JH, Pizzorno G, Zelterman D ,Sapi E, Kaczinski B, Leavitt J,
Crystal R, and Deisseroth A. L-plastin promoter for adenoviral mediated tumor-specific gene
expression in ovarian and bladder cancer. Cancer Research 61: 4405-4413, 2001.

‘Deisseroth A, Fujii T, Peng XY, Austin D, Rutherford T, Brandsma J, and Schwartz PE. Molecular
Chemotherapy in CME Journal of Gynecologic Oncology 6:23-28, 2001. |

Zhang L, Akbulut H, Tang YC, Peng XY, Pizzorno G, Sapi E, Manegold S and Deisseroth A.
Adneoviral vectors with E1A regulated by tumor specific promoters are selectively cytolytic for
breast cancer and melanoma. Molecular Therapy 6: 386-393, 2002.

Akbulut H, Zhang L, and Deisseroth A. The efficiency of replication-competent adenoviral vectors
carrying the L-plastin promoted cytosine deaminase gene in colon cancer. Cancer Gene Therapy,
In Press, 2002.

Akbulut ‘H and Deisseroth A. Prevention of Cervical Cancer: Chemoprevention. In Progress in
Oncology 2002. Eds: DeVita, Hellman and Rosenberg. Jones and Bartlett Publishers, Sudbury,
MA, 251-269, 2002.
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The Use of the L-Plastin Promoter for Adenoviral-mediated, Tumor-specific Gene
Expression in Ovarian and Bladder Cancer Cell Lines'

Xue Yan Peng, Jong Ho Won, Thomas Rutherford, Takuma Fujii, Daniel Zelterman, Giuseppi Pizzorno, Eva Sapi,
John Leavitt, Barry Kacinski, Ronald Crystal, Peter Schwartz, and Albert Deisseroth?

Genetic Therapy Program, Yale Cancer Center [X.Y.P., J.H.W.,, T.F.,, D.Z, G. P., J.L, A D.], Medical Oncology Section, Departments of Internal Medicine, Therapeutic
Radiology Program [E. S., B. K.], and Obstetrics and Gynecology [T. R., P. S.], Yale University School of Medicine, New Haven, Connecticut 06520, and Cornell Medical School,

New York, New York, 10021 [R. C.]

ABSTRACT

A 24-kb truncated L-plastin promoter was inserted either 5’ to the
LacZ gene (Ad-Lp-LacZ) or 5’ to the cytosine deaminase (CD) gene
(Ad-Lp-CD) in a replication-incompetent adenoviral vector backbone.
Infectivity and cytotoxicity experiments with the LacZ and CD vectors
suggested that the L-plastin promoter-driven transcriptional units were
expressed at much higher levels in explants of ovarian cancer cells from
patients and in established ovarian or bladder cancer cell lines than they
were in normal peritoneal mesothelial cells from surgical specimens, in
organ cultures of normal ovarian cells, or in the established CCD minimal
deviation fibroblast cell line. Control experiments showed that this differ-
ence was not attributable to the lack of infectivity of the normal peritoneal
cells, the normal ovarian cells, or the minimal deviation CCD fibroblast
cell line, because these cells showed expression of the LacZ reporter gene
_ when exposed to the replication-incompetent adenoviral vector carrying
the cytomegalovirus (CMV)-driven LacZ gene (Ad-CMV-LacZ). The
Ovcar-5 and Skov-3 ovarian cancer cell lines exposed to the Ad-Lp-CD
adenoviral vector were much more sensitive to the prodrug 5-fluorocy-
tosine (SFC), which is converted from the S5FC prodrug into the toxic
chemical 5-fluorouracil, than was the CCD minimal deviation fibroblast
cell line after exposure to the same vector. A mouse xenograft model was
used to show that the Ad-Lp-CD vector/SFC system could prevent en-
graftment of ovarian cancer cells in nude mice. Finally, injection of the
Ad-Lp-CD vector into s.c. tumor nodules generated a greater reduction of
the size of the tumor nodules than did injection of the Ad-CMV-LacZ
vectors into tumor nodules. The Ad-Lp-CD vectors were as suppressive to
tumor growth as the Ad-CMV-CD vectors. These results suggest that an
adenoviral vector carrying the CD gene controlled by the L-plastin pro-
moter (Ad-Lp-CD) may be of potential value for the i.p. therapy of
ovarian cancer.

INTRODUCTION

" Adenoviral vectors are currently among the most frequently used
vectors in the gene therapy of cancer because of their high titers, ease
of production, high infection efficiency for epithelial neoplastic cells,

and the fact that their transcriptional units can be expressed extra--

chromosomally in nondividing cells. A possible disadvantage of this
vector is that its broad host range also results in infection of both the
intended tumor cells as well as of the surrounding normal tissues
(1-3). This limits the utility of these vectors, especially when the
vector gene products are designed to sensitize tumor cells to chemo-
therapy or to radiation therapy, because of the unwanted toxicity
thereby generated in the normal cells.
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One way to circumvent this limitation would be to use a tissue-
specific transcriptional promoter active only in the target tumor cells.
QOur laboratory has constructed adenoviral vectors in which the L-
plastin promoter is used to activate the expression of therapeutic
transgenes in neoplastic but not in normal epithelial cells. L-plastin,
which belongs to a family of genes which encode actin-binding
proteins, was discovered by Leavitt (4) and his colleagues (5, 6). The
only normal cell in ‘which this protein is detectable is the mature
leukocyte. This protein has been demonstrated to be present in >90%
of epithelial neoplastic cells and is not found in normal epithelial cells.
Therefore, the L-plastin promoter may be of potential utility in cancer
gene therapy because it can be used to drive the expression of
heterologous genes in a tumor-specific manner in the context of
recombinant adenoviral vectors. Chung et al., in our laboratory, had
reported previously that the LacZ gene, when driven by the L-plastin-
promoter, is expressed in ovarian cancer cells, but not in normal
mesothelial peritoneal cells, obtained at the time of surgical resection
of ovarian cancer from patients (7). .

We now are reporting the results of experiments based on replica-
tion-deficient adenoviral vectors that contain either a LacZ reporter
gene or a CD? therapeutic transcriptional unit regulated by a 2.4-kb
fragment of the L-plastin promoter in bladder and ovarian cancer cell
lines, in explants of normal and neoplastic ovarian primary tissue in
organ culture, and in ovarian cancer established cell lines in a nude
mouse-human tumor xenograft animal model. CD is a bacterial gene
which converts SFC, which is nontoxic to cell lines and primary cells,
into SFU, a compound which is toxic to most cells (2, 8). The levels
of phosphorylated 5FU generated within CD-positive cells are suffi-
ciently high that even nondividing cells die because of disruption of
mRNA processing and protein synthesis.

The results of these experiments have shown that:

(a) the level of the L-plastin promoter driven the LacZ heterologous
reporter gene expression is lower in an established minimal deviation
fibroblast cell line (CCD) when compared with a collection of estab-
lished epithelial tumor cell lines derived from ovarian cancer and
bladder cancer; ,

(b) the L-plastin promoter activates the LacZ and CD transcriptional
units to a higher level in ovarian cancer cells than in monolayer and
organ explant cultures of normal ovarian tissue or of normal perito-
neal tissue; and

(¢) the cytotoxic effect of replication-incompetent adenoviral vec-
tors carrying the CD transcriptional unit driven by the L-plastin
promoter is greater to ovarian cancer cells exposed in vitro to SFC
than to explants of normal peritoneum. In addition, the suppressive
effect of the L-plastin-driven CD vectors on the in vivo growth of
ovarian cancer cell lines is equal to that of the CMV-driven CD

3 The abbreviations used are: CD, cytosine deaminase; 5FC, 5-fluorocytosine; SFU,
5-fluorouracil; CMV, cytomegalovirus; NBCS, new born calf serum; CAR, coxsackie
B/adenovirus receptor; pfu, plaque-forming units; MOI, multiplicity of infection; X-Gal,
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside; ONPG, O-nitropheny-B-p-galacto-
pyranoside.
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vectors. These results suggest that adenoviral vectors carrying the CD
transcription unit driven by the L-plastin promoter may be of use in the
i.p. treatment of metastatic ovarian cancer.

MATERIALS AND METHODS
Cells and Cell Culture

Human bladder carcinoma cell lines (J82 and EJ) were obtained from Dr.
Richard Cote of the University of Southern California, Los Angeles, CA. The
CCD minimal deviation human fibroblast cell line, the 293 transformed human
kidney cell line, and the Skov-3 human ovarian cancer cell line were obtained
from American Type Culture Collection. The Hey cystadenocarcinoma papil-
lary ovarian cancer cell line was obtained from Eva Sapi of the Department of
Therapeutic Radiology at Yale University (New Haven, CT). J82, EJ, Hey, and
293 cells were propagated in DMEM (Life Technologies, Inc.) supplemented
with 10% heat-inactivated NBCS obtained from Hyclone Laboratories, Inc.
(Logan. UT). The Ovcar-5 human epithelial ovary carcinoma cell line was
obtained from Dr. Thomas C. Hamilton of the Fox Chase Cancer Center,
Philadelphia, PA. Ovcar-5 cells were grown in RPMI 1640 (Life Technologies,
Inc.) supplemented with 10% heat-inactivated NBCS. The Skov-3 human
ovarian adenocarcinoma cell line was propagated in McCoy5A medium sup-
plemented with 10% heat-inactivated NBCS. All cell cultures were maintained
in a 5% CO,, humidified tissue culture incubator at 37°C.

Chemicals and Reagents

5-FC, 5FU, fluorescein di-B-D-galactopyranose, and X-Gal were purchased
from Sigma Chemical Co. The B-Galactosidase Assay Kit was purchased from
Stratagene Company. 6-3(H)5-fluorocytosine (4.1 Ci/mmol) and 6->(H)S5-flu-
orouracil were purchased from Noravek Biochemicals Inc. of Brea, CA.
Monoclonal antibodies to avB3 (LM609) and avB5 (P1F6) integrins were
purchased from Chemi-Con International. A monoclonal antibody to the CAR,
which binds the adenoviral fibrillar protein, was obtained from Dr. R. W.
Finberg of the Dana-Farber Cancer Institute, Harvard Medical School,
Boston, MA.

Construction of Replication-incompetent Recombinant
Adenoviral Vectors

The Ad-CMV-CD vector, which contained the CD gene controlled by a
CMY promoter (7) in place of the adenoviral EIA and E1b genes, was obtained
from the laboratory of Dr. Ron Crystal of the Cornell Medical School, New
York, NY (8, 9). A similar adenoviral vector (Ad-CMV-LacZ) was engineered
in our laboratory in which a B-galactosidase transcriptional unit was inserted
into the Ela and Elb regions of the adenoviral vector backbone (7). Injae
Chung of our laboratory truncated the 5-kb L-plastin promoter to a 2.4-kb
fragment, which extended from nucleotide —2265 of the 5’ region of the
L-plastin promoter to +18 bp from the transcription initiation site of the
L-plastin gene (7). The number of infectious adenoviral particles, expressed as
plaque-forming units (pfu) present in the viral stocks, was determined by
limiting dilution assay of plaque formation in 293 cells exposed to various

~ dilutions of the vector (10, 11).

Analysis of Cellular Receptors on Tumor Cells That Participate in
Vector Uptake

Mouse monoclonal antibodies to the avf33 (LM609) integrin and the avs
(P1F6) integrin and to the CAR receptors were used to detect the density of the
human avp3, avp5, and CAR receptors on the test cells. The FACS Star Flow
Cytometer (Becton Dickinson) in the Yale Cancer Center FACS Core Labo-
ratory (New Haven, CT) was used to determine the percentage of cells positive
for each receptor.

B-Galactosidase Activity Assay

X-Gal Staining. Cells were washed in PBS, trypsinized, and the viable cell
number determined by trypan blue exclusion using a light microscope. Cells
(3 X 10°) for each cell line were infected with varying ratios of pfu/cell (MOI)
of the vector in DMEM supplemented with 2% NBCS for 90 min. After this,

the cells were plated in six-well plates in complete medium in duplicate
cultures. After 48 h of incubation at 37°C in a 5% CO,, humidified tissue
culture incubator, the cells were fixed with ice-cold 2% paraformaldehyde/
0.2% glutaraldehyde for 10 min. The level of B-Gal-expression cells was then
assessed by staining the cultures with X-Gal and potassium-ferricyanide/
ferrocyanide solution essentially as described previously (12, 13). The average
number of B-Gal-expressing (blue) cells/well was determined by counting five
separate microscopic high-power fields.

B-Galactosidase Assay (ONPG). Cells (5 X 10%) were infected at 20 MOI
with Ad-Lp-LacZ or Ad-CMV-LacZ in 2% serum for 90 min. PBS was used
to wash the cells, which were seeded in six-well plates with the fresh culture
medium. The cells were then incubated for 48 h, after which the B-galacto-
sidase assay was conducted (B-Galactosidase Assay Kit, Stratagene). Briefly,
the cells were washed in PBS and lysed in 200 ul lysis buffer and the cell
debris removed by centrifugation for 5 min. The cell lysate was diluted 10
times, and 15 ul of the cell lysate were pipetted into a 96-well microtiter dish,
145 pl of buffer A-B-mercaptoethanol mixture was added to each well with
subsequent incubation for 5 min at 37°C. Fifty ul of ONPG were added to each
well, and the dish was incubated at 37°C for 25 min; the mixtures turned bright
yellow. The reaction was terminated by adding 90 ul of stop solution and the
microtiter dish was scanned in the microtiter dish reader set at 405 nm, and the
absorbance (OD) was determined.

The Effect of 5-FU Released from CD Vector-infected Cells on
Uninfected Cells

To quantify the effect of 5-FU released from infected cells on uninfected
cells, different cell lines were infected at varying MOI (20 MOI, 80 MOI, and
160 MOI) using the Ad-CMV-CD or Ad-Lp-CD vectors. The infected cells
and the noninfected cells were mixed in varying ratios to generate 0, 5, 10, 20,
30, 40, 50, 60, and 100% infected cells (14, 15). Cells were then seeded in
duplicate in six-well tissue culture plates and incubated for 24 h with subse-
quent incubation with 500 uM/liter SFC for 5 days. The number of surviving
cells was determined using trypan blue exclusion.

Comparison of the 5-FU Sensitivity (ICy,) of Ovarian Cancer and
Bladder Cancer Cell Lines with CCD (Minimal Deviation Fibroblast
Cell Lines)

The concentrations of SFU used for the cytotoxicity test (ICs,) were 100, 50,
10, 1, and 0.5 uM. After 96 h, the cells were removed with trypsin-EDTA and
the cell number calculated using the Coulter Counter ZM (Hialeah, FL).

The Toxicity of Adenoviral Vectors

Cells (2X10°%) were infected with the Ad-CMV-LacZ, Ad-Lp-LacZ, Ad-
CMV-CD, or Ad-Lp-CD vectors at MOI of 0, 5, 20, 40, 80, and 160 for 90 min
and then seeded in six-well plates in duplicate. Twenty-four h later, 0.5 mM
SFC was added to each well, and then the celis were incubated for 5 days. Then
the cells were trypsinized, and the surviving cells were counted using trypan
blue exclusion (16). We arbitrarily assigned a 100% value to the cells incu-
bated at 0 MOI and calculated the percentage of viable cells in the cultures to
which vector had been added.

Vector Studies in Monolayer Explant Culture

Biopsy samples were cut into small pieces. These pieces were then digested
with collagenase to disaggregate the tissue. To test the sensitivity of the patient
samples to infection and SFC sensitization with the Ad-CMV-CD and Ad-
Lp-CD vectors, the cells were grown in T25 flasks to 90% confluence. Then
the cells were washed in PBS and exposed to vector directly for 90 min in the
flasks containing DMEM supplemented with 2% NBCS. Then the cells were
incubated for 5 days at 500 um/liter SFC concentration, and the cell viability
was determined by light microscopic examination.

Vector Studies on Organ Culture of Ovarian Cancer and Normal
Ovarian Tissue

Each specimen was cut into pieces of approximately 1-2 mm® and im-
mersed in 4 ml of DMEM:Ham’s F12 medium, which was supplemented with
10% charcoal-stripped serum (17). Cultures were incubated at 37°C in six-well
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plates on a shaking platform for 24-48 h, after which the tissues were exposed
to the Ad-CMV-LacZ or Ad-LP-LacZ viral vectors for 90 min in serum-free
medium. The tissues were washed with PBS. Then tissues were incubated for
48 h in fresh culture medium. The tissues were then frozen in OCT, and X-Gal
staining was used to measure the Ad-CMV-LacZ and Ad-LP-LacZ expression
on the section slides. ‘

Studies of in Vitro Vector-infected Ovarian Cancer Cell Line in
Nude Mice

Ovecar-5 tumor cell lines were infected in vitro at 100 MOI with either the
Ad-Lp-LacZ or Ad-Lp-CD adenoviral vectors for 60 min, washed with PBS,
and then resuspended in PBS (4%107cetls/1 ml PBS). Ten female nude mice
6-8 weeks of age (25-28 grams in weight), which were purchased from Cox,
Inc., Cambridge, MA, were injected i.p. with 40 million Ovcar-5 ovarian
carcinoma cells previously infected at 100 MOI with the Ad-Lp-LacZ vector.
An additional 10 26-28-gram mice 68 weeks of age were injected i.p. with
Ad-Lp-CD-infected cells. From the second day, all 20 of the mice were
injected once a day with SFC at 500 mg/kg i.p. for 10 days. Three weeks after
tumor cell injection, the 10 Ad-Lp-LacZ-injected mice and 7 of the Ad-LP-
CD-injected mice were killed and autopsied. At the 50th day, another three
Ad-LP-CD-injected mice were killed and autopsied.

In other experiments, five female nude mice were injected ip. with 40
million Skov-3 cells previously infected in vitro with the Ad-Lp-CD vector at
80 MOI. Another five mice were injected i.p. with Skov-3 cells previously
infected in vitro at 80 MOI with the Ad-Lp-LacZ vectors. Then all of the 10
mice were injected i.p. with 500 mg/kg of SFC daily for 10 days. Three weeks
later, the mice were killed and autopsied (18, 19).

Studies of in Vivo Intratumoral Injection of Adenoviral Vectors

EJ cells (5%X10°%) in PBS were injected s.c. in 25 nude mice. Three weeks
later, the tumor size (width and length) was measured, then the tumor volume
(mm® was calculated according to the formula: Tumor vol-
ume = length X width?/2 (20, 21). Then, tumor nodules in eight mice were
injected with 10® pfu of the Ad-CMV-CD virus. Tumor nodules in an addi-
tional eight mice were injected with 108 pfu of the Ad-Lp-CD virus, and tumor
nodules in another nine mice were injected with 10® pfu of the Ad-CMV-LacZ
virus. After this, 500 mg/kg of SFC was injected into the peritoneal cavity each
day, once a day, for 5 days. Two weeks later, we measured the tumor size again
and compared the tumor growth before and after the treatment with viral
particles and SFC. Another 20 nude mice were injected s.c. with 5X 108
Ovcar-5 tumor cells. After this, the same vector injections and SFC treatments
were conducted as for the EJ tumor cell in the nude mice. Autopsy of the mice
was carried out, and H&E-stained sections of the tumor and the adjacent
tissues were examined to measure the toxicity of the vectors.

RESULTS

Study of Factors Affecting Percentage of pB-Galactosidase-
positive Cells after Exposure to the Ad-CMV-LacZ or Ad-Lp-
LacZ Vectors. The infectivity of cell lines by adenoviral vectors has
been reported to be dependent on the presence of the CAR, which
mediates the binding of the vector to the target cell (22-24), the level
and functional state of both the av33 and avf5 integrin receptors,
which are important for endocytosis of the vector, and the release of
the vector from the endosome (25-27). Cell lines in which the avf33
receptors are low or functionally inactive may have low. levels of
expression of vector transgenes, because the amount of vector DNA
reaching the nucleus, where it is transcribed into mRNA, will be
reduced in avB -deficient cell lines because of sequestration in the
endosome.

To study the effect of these receptors on the uptake of the adeno-
viral vector into cancer cell lines and the subsequent expression of its
LacZ transgene in target cells, the Ovcar-5, Hey, and Skov-3 ovarian
cancer cell lines, the EJ, and J82 bladder cancer cell lines, and the
CDD minimal deviation cancer cell line were exposed to the Ad-
CMV-LacZ vector. Then these cell lines were studied for the percent-

age of cells that were positive for B-galactosidase. We chose a vector
with the CMV promoter, because this promoter is known to be active
in most, if not all, mammalian cells. Differences in B-galactosidase in
these cell lines would therefore be attributable to differences in
binding and endocytosis of the vector or release of the vector from the
post-entry endosome. As shown in Table 1, the cells of all of the
established ovarian and bladder cancer cell lines studied had a high
percentage of cells positive for the CAR receptor (except for the Hey
ovarian carcinoma cell line, in which none of the cells were detectable
as positive for CAR). Among the established carcinoma cell lines in
which a high percentage of cells were positive for CAR, all of the cell
lines except for the Ovcar-5 cell line had >80% of the cells positive

- for the av35 receptor. The percentage of Ovcar-5 cells positive for the

a v B 5 integrin receptor was 57%. The percentage of cells positive for
the avB3 integrin receptor was more variable among the cell lines.
Only one-half of the Ovcar-5 cells were positive for the either of the
integrin receptors.

Not surprisingly, a high percentage of the cells of all of the
established tumor cell lines studied, except for the Hey cell line, were
detectable as positive for B-galactosidase after exposure to the Ad-
CMV-LacZ vector (see Table 1). This suggests that cell lines in which
a high percentage of cells are positive for both the CAR and the aVB5
integrin receptors will be infectible by the adenoviral vectors and
therefore will score positive for the protein product of a vector
transgene if the transcriptional promoter driving the expression of the
transgene is very strong, as is the case with the CMV promoter.
Surprisingly, as shown in Table 1, although only 30% of the cells of
the CCD cell line are positive for the CAR receptor and only 63% of
the CCD cells were positive for the avB3 integrin receptors, up to
70% of the CCD cells are positive for B-galactosidase after exposure
to the Ad-CMV-LacZ vector. Experiments carried out previously in
our laboratory have shown that the CCD cell line is infectible by the
Ad-CMV-LacZ vector (7). This suggests that there may be a CAR-
independent mechanism of binding of the adenoviral vector to the
CCD cells, and that the strength of a transcriptional promoter may
overcome in part the limitation imposed on transgene expression by a
lower level of the avf3 receptor.

Comparison of Lac-Z Gene Expression Levels in Cell Lines
Infected with Either the Ad-CMV-LacZ or the Ad-Lp-LacZ Vec-
tors. Another factor that may alter the percentage of cells scoring
positive for transgene expression after exposure to an adenoviral
vector is the level of activity of the transcriptional promoter regulating
the vector transgenes in these different cell lines. Because it had been
reported that the L-plastin gene was detectable in most tumor cell .
lines, but not in any normal cells of the body except for the mature
leukocyte (4, 6), the same cell lines exposed to the Ad-CMV-LacZ
vector were also exposed to an adenoviral vector in which the LacZ
gene was regulated by the L-plastin promoter (Ad-Lp-LacZ).

Table 1 Characterization of percentage of cells positive for the CAR, avf33, and avB5
receptors as measured by FACS analysis and study of infectivity of cells by Ad-CMV-
LacZ Vector at 20 MOI as ed by B-gal idase assay (X-Gal)

avp3, avBs5, and CAR receptor levels were measured by mouse monoclonal antibod-
ies, and the FITC-conjugated antimouse antibody was used to stain the cells. Then, FACS
analysis was used to detect the percentage of the receptor-positive cells (» = 2). For
infectivity, cells were exposed to virus in serum-free medium for 90 min at 20 MOI and
incubated for 48 h in culture medium. Then, cells were stained by X-Gal analysis (n = 2).

avB3 avBs CAR B-Gal
EJ 83+8 82 %5 958 95+8
182 566 18x7 80+ 10 88+ 10
Skov-3 646 91+8 877 85 x11
Ovcar-5 48 *7 575 88 + 10 65+8
Hey 815 96 + 10 0 104
CCD 63+8 93 x4 295 709
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Table 2 C

iparison of B-galactosidase levels in cell line exposed to Ad-CMV-LacZ or
Ad-Lp-LacZ (ONPG, OD)
Cells were exposed in serum-free conditions for 90 min at 20 MOI. After 48 h of
incubation in culture medium, the level of the B-galactosidase (ONPG) in each cell line
was measured by optical density, as outlined in “Materials and Methods” (n = 2).

Ad-CMV-LacZ Ad-Lp-LacZ Ratio of CMV/Lp
EJ 1.1x02 09 £0.1 1.2
182 1.0x01 04 0.1 2.5
Skov-3 0.9 +0.1 04 =01 2.2
Ovcar-5 09 0.1 04+ 0.1 22
CCD 09 +0.1 0.1 +0.01 9

To determine whether the L-plastin promoter was selectively more
active in epithelial neoplastic (ovarian and bladder cancer) cell lines
than in minimal deviation fibroblast cell line (CCD), we tested the
LacZ gene expression levels in the Ovcar-5, EJ, J82, Skov-3, and
CCD cell lines after exposure to either the Ad-CMV-LacZ or the
Ad-Lp-LacZ vectors. We then calculated the ratio of B-galactosidase
levels in cells infected with the Ad-CMV-LacZ, divided by the 8-ga-
lactosidase levels in cells infected by the Ad-LP-LacZ vectors, as an
index of the L-plastin promotér strength in established ovarian or

- bladder cancer cell lines as compared with the minimal deviation
CCD fibroblast cell line.

As shown in Table 2, the amount of B-galactosidase in the EJ, J82,
Skov-3, Ovcar-5, and CCD cell lines after exposure to the Ad-Lp-
LacZ vector was less than for the same cells exposed to the Ad-CMV-
LacZ vector. This suggested that the Lp promoter was less strong in
all of the cell lines than the CMV promoter, thereby decreasing the
percentage of cells that scored positive for the vector transgene
protein product under any given level of integrin or CAR receptor
representation or function. A comparison of the amount of B-galac-
tosidase in each cell line after exposure to the Ad-CMV-LacZ was
divided by that for the Ad-Lp-LacZ vector. This ratio was 2 in all of
the established cancer cell lines except for the CCD cell line, in which
the ratio was 9. One possible explanation for this difference was that
the CCD cell line supported the expression ‘of the Lp promoter to a
much lesser extent than the CMV promoter. _

"The relatively low LacZ gene expression in the CCD cell line
exposed to the Ad-Lp-LacZ vector is not attributable to the low
infectivity by the Ad-Lp-LacZ vector, because, as shown in Tables 1
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and 2 and in a previous publication from our laboratory (7), >70% of
the CCD cells were positive for S-galactosidase after exposure of
these cells to the Ad-CMV-LacZ vector, indicating that the CCD cells
are infectible by adenoviral vectors. The ratio of B-galactosidase
levels in Ad-CMV-LacZ-infected cells divided by the B-galactosidase
levels in Ad-Lp-LacZ-infected cells was much higher in CCD than in
cell lines derived from bladder cancer and ovarian cancer. These data
suggest that the L-plastin promoter is much more active in epithelial
neoplastic cell lines than in the CCD minimal deviation fibroblast cell
line.

Studies of the Effect of SFU Released from Infected Cells on
Noninfected Cells. To monitor the effect of 5FU released from
infected cells on the noninfected cells, mixtures of Ad-CMV-CD or
Ad-Lp-CD vector-infected and -noninfected cells were generated and
then exposed to SFC. The CD protein converts the nontoxic prodrug
SFC into the toxic chemical 5FU. Unphosphorylated 5FU can be
released from cells infected with the CD vector and taken up by
surrounding uninfected cells and can kill the uninfected cells. This is
called the bystander effect. As shown in Fig. 1, when as few as 5% of
the population of Ovcar-5 cell lines or the CCD minimum deviation
fibroblast cell line infected with Ad-CMV-CD (160 MOI) vectors
were mixed with 95% of uninfected cells, the majority of the cells
were killed when cells were exposed for 5 days to SFC at a 500 um
concentration (18% Ovcar-5 and 29% CCD cells survived). This
suggests that only a few of these cells need to be infected with the
Ad-CMV-CD adenoviral vector to generate sufficient levels of 5FU in
vivo in static cell culture to kill the vast majority of infected as well
as uninfected tumor cells. The high percentage of cells killed at low
infectivity in vitro is attributable partly to the fact that the medium
was not changed, and therefore the cells were exposed continuously to
a high level of S5FU, which continues to increase with time. In these
conditions, the high levels of 5FU released from a few Ad-CMV-CD
vector-infected cells could kill all of the uninfected cells.

When the cell lines were infected with the Ad-Lp-CD vector,
incomplete cell death was seen even at the highest MOI tested with
the CCD human minimal deviation cell line. In contrast, almost all of
the cells were eradicated at the highest (160) MOI when similar
experiments were carried out with the Ad-Lp-CD vector in the
Ovcar-5 cell line (see the data in Fig. 1, A and C, 160 MOI). The

Ovcar-5 Bystander Effect with Ad-CMV-CD
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Fig. 1. Toxicity of vectors at varying levels of infected cells. Ovcar-5 (4 and B) or CCD (C and D) cell lines were infected at varying MOI (20, 80, and 160) using the Ad-CMV-CD
(B and D) or Ad-LP-CD (4 and C) adenoviral vectors. The infected cells and noninfected cells were mixed in varying ratios to generate 0, 5, 10, 20, 30, 40, 50, 60, and 100% infected
cells. Then cells were seeded in six-well plates and incubated for 5 days in 500 um SFC. Then the cells were trypsinized, and surviving cells were counted by trypan blue exclusion.
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Fig. 2. Study of the toxicity of the control Lac-Z vector versus the CD vector. Cells (2% 10°) were infected at 0, 5, 20, 40, 80 and 160 MOI of vector with Ad-CMV-CD (4),
Ad-Lp-CD (B), Ad-CMV-LacZ (C), Ad-Lp-LacZ (D) vectors for 90 min. Then cells were seeded in six-well plates in duplicate and incubated in 500 um SFC for 5 days. The percentage

of surviving cells was counted by trypan blue exclusion.

difference in the survival of cells between the CCD and Ovcar-5 cells
when exposed to the Ad-Lp-CD vector and 5FC was statistically
significantly different at the P <0.001 level. (An analysis of variance
was used to determine whether the percentage of surviving cells was
statistically significantly different when the Ad-CMV-CD or Ad-
Lp-CD vectors were used to infect either the CCD or the Ovcar cell
lines.) This difference could be attributable to differences in the
infectivity of the CCD cell line, the sensitivity of this cell line to SFU,
or a difference in the expression of the Lp-driven CD transcription
units in the Ovcar-5 or CCD cell lines. As shown in Fig. 1D, when the
CCD cell line was exposed to 160 MOI of the Ad-CMV-CD vector
and 5FC, complete killing of the CCD cells occurred at 100% infec-
tion. There were no differences between the cell kill in the Ovcar-5
and CCD cell lines with the Ad-CMV-CD vector (compare the sur-
vival data at 160 MOI at 100% infection in Fig. 1, B and D).
Therefore, the differences seen in A and C in the cell survival of the
Ovcar-5 and CCD cell lines after exposure to the Ad-Lp-CD vector
are not attributable to differences between the CCD and Ovcar-5 cell
lines with respect to infectivity by the virus or sensitivity to 5FU,
because complete killing is seen with the Ad-CMV-CD vector with
the CCD cell line.

This suggests that the L-plastin promoter is less active in the CCD
minimal deviation fibroblast cell line than in the established tumor
cell line Ovcar-5. The high levels of cell-killing at low infectivity that
were seen in vitro with the Ad-Lp-CD vector will probably not be
seen in vivo because of removal of the SFU by blood flow and
metabolic degradation.

5FU Sensitivity of Each Cell Line Expressed as ICg,. It is
possible that the low-level cell death of the CCD cell line could be
attributable to intrinsic resistance to 5FU toxicity, which is greater

than that seen in the Ovcar-5 or other established cancer cell lines. To
test this, the intrinsic sensitivity of each cell line to SFU was measured
by seeding 3 10° cells in T25 flasks in triplicate, which were incu-
bated for 96 h at different SFU concentrations. The IC, generated for

sensitive to SFU as the epithelial cancer cell lines. Thus, the low
sensitivity of the CCD fibroblast cell line to the effect of the Ad-
Lp-CD vector/SFC treatment is not attributable to a high level of
resistance to SFU, but rather to low levels of the protein product of the
transcription units driven by the L-plastin promoter in the CCD cell
line.

Study of SFC Toxicity of the Adenoviral Vectors Carrying the
CD Transcription Units. To test how much of the toxicity of the
Ad-Lp-CD/5FU treatment was attributable to the toxicity of the vector
backbone and how much was due to the protein produced by the CD
transcription unit, the cell lines were infected with the Ad-CMV-CD,
Ad-CMV-LacZ, Ad-Lp-CD, or Ad-Lp-LacZ vectors at different MOL
After this, the cell lines were incubated in medium supplemented with
500 um SFC for 5 days. As shown in Fig. 2, no significant toxicity
was seen with any of the cell lines when the backbome vector,
Ad-CMV-LacZ, and Ad-Lp-LacZ were used (see Fig. 2, C and D). In
contrast, when the cell lines were exposed to the Ad-Lp-CD or the
Ad-CMV-CD vectors, nearly 100% killing of the cell lines after
exposure to the vector and to SFC was seen in all cell lines with both
vectors, with the exception of the example of the CCD cell line after -
exposure to the Ad-Lp-CD vector and SFC. The cell killing for CCD
after exposure to the Ad-Lp-CD versus the Ad-CMV-CD vectors and
5FC (see Fig. 2, A and B) is statistically significantly different at the
P <0.01 level by the ¢ test. No statistically significant differences
were seen in any of the established tumor cell lines with respect to cell
survival. This indicates that the toxicity seen in Fig. 2 after exposure
to the Ad-Lp-CD or Ad-CMV-CD vectors is not attributable to the
adenoviral backbone but to the action of the CD protein and SFC.
The <100% cell kill in the example of the CCD after exposure to
the Ad-Lp-CD vector and 5FC is most probably attributable to the
lower level of transcriptional activation of the CD gene by the Lp
versus the CMV promoter, as explained above. Thus, the toxicity

- seen in these experiments was not attributable to the viral back-

5FU in the J82 cell line is 55 pM, for the EJ cell line is 30 uM, for the

Ovecar-5 cell line is 3 uM, for the Skov-3 cell line is 22 uM, and for the
CCD cell line is 15 uM. The ICs, generated for SFU in the CCD cell
line (15 M) is less than that of several of the epithelial neoplastic cell
lines (EJ, J82, and Skov-3), suggesting that the CCD cell line is as
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bone, but to the effect of the CD transcription units on the con-

* version of SFC to 5FU. In addition, the 5FC toxicity generated by

incubation of the Ad-Lp-CD transcription units in bladder cancer
or ovarian cancer cell lines is statistically significantly higher than
that seen in the CCD cell line.
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Table 3 Percentage of cells in explant cultures of ovarian cancer cells and normal peritoneal cells which score positive for B-galactosidase after exposure to the Ad-CMV-LacZ
and the Ad-Lp-LacZ vectors
Samples of primary tumor, metastatic tumor, and normal peritoneum were cut into small pieces. These pieces were then digested with collagenase to produce tissue disaggregation,
and the resulting cells were cultured in RPMI 1640 with 10% NBCS. All experiments were performed at 90% confluence. Samples of ascites were divided into the T25 flasks directly
and washed to remove debris after cell attachment. Cells were infected in the flasks for 90 min, and after 48 h of incubation, the positive cells were measured by X-Gal staining or

FACS.
Ascites Primary tumor Metastatic tumor Normal peritoneum
Ad-CMV-Bgal X-Gal 50-80% 50-90% 45-85% 60~-80%
FACS 95% 94% 94%
* Ad-LP-Bgal X-Gal 10-35% 15-60% 15-45% 1-4%
FACS 39% 83% 38%
CMV/LP ratio FACS 3/1 11 3/1 20-60/1

Percentage of Cells Detectable Positive for LacZ Expression in
Primary Monolayer Cultures of Samples Obtained at Surgery
from Normal Peritoneum and Metastatic Implants of Ovarian
Cancer after Exposure to the Ad-Lp-LacZ or Ad-CMV-LacZ
Vectors. Samples of metastatic tumor and normal peritoneum were
collected from 16 ovarian cancer patients undergoing diagnostic or
therapeutic laparotomy. The tumor was cut into small pieces and then
digested with collagenase to disaggregate the tissue. The resulting
cells were then cultured in RPMI 1640 supplemented with 10%
NBCS. After culture, the cells were exposed at a MOI of 20 to the
Ad-CMV-LacZ or Ad-Lp-LacZ vectors in T-flasks for 90 min. After
48 h of incubation, the percentage of B-galactosidase-positive cells
was measured by X-Gal staining or FACS (28). A ratio of B-galac-
tosidase-positive cells with the two vectors was generated by dividing
the percentage of cells that were detectable as positive for B-galacto-
sidase by FACS after exposure to the Ad-CMV-LacZ vector by the
percentage of cells detectable as positive for B-galactosidase by FACS
after exposure to the Ad-Lp-LacZ vector. As shown in Table 3, this
ratio was at least 20-60-fold higher in the normal peritoneal cells than
with any of the samples derived from ovarian cancer cells. These
results indicate that the normal peritoneal cells are less able to support
the expression of transgenes driven by the L-plastin promoter than are
the ovarian cancer cells.

Table 4 Cytotoxicity in monolayer culture of normal peritoneum and ovarian cancer
cells after expression to Ad-Lp-CD and Ad-CMV-CD vectors and SFC (percentage of
cells killed)

. In Ad-CMV-CD- and Ad-Lp-CD-infected samples, 500 um 5-FC were added and
incubated for 5 days, then the percentage of cells killed was estimated by comparing the

percentage of cells which had died in the infected and uninfected control flasks.

Ad-CMV-CD Ad-Lp-CD
Ascites 98% 85%
Metastatic tumor 85% 70%
Primary tumor 90% 5%
Normal peritoneum 95% 10%

Fig. 3. Ovarian organ cultures. Normal ovarian
tissue was obtained from patients undergoing ab-
dominal surgical procedures. The tissues were cut
into small pieces and cultured in DMEM:Ham’s
F12 medium with 10% charcoal-stripped serum.
Twenty-four to forty-eight h later, the tissues were
infected with vectors for 90 min, washed with PBS,
and then incubated for 48 h, Then the tissues were
frozen in OCT and sectioned, after which the fro-
2en sections were stained by the X-Gal reaction.
Left, no vector; middle, Ad-CMV-LacZ vector;
right, Ad-Lp-LacZ vector.

Cytotoxicity after Exposure of the Monolayer Cell Cultures of
Normal Peritoneum and Ovarian Cancer from Surgical Speci-
mens to the Ad-CMV-CD and Ad-Lp-CD Vectors. Samples of
primary tumor, metastatic tumor, and normal peritoneum were col-
lected from 16 ovarian cancer patients, and samples were prepared by
the same methods as described previously. As shown in Table 4, when
the cells were infected with the CD vectors and incubated for 5 days
in the presence of 500 um SFC in T25 flasks, the majority of the cells
in the explant cultures of primary ovarian cancer, metastatic ovarian
cancer, and ovarian cancer in ascites were killed by the Ad-CMV-CD
or the Ad-Lp-CD vectors and SFC. In contrast with the results in the
ovarian cancer cells, in which the cell death with the Ad-CMV-CD
and Ad-Lp-CD vectors was roughly the same, in the case of the
biopsies of normal peritoneum, the cell death with the Ad-Lp-CD
vector was only one-tenth of that seen with the Ad-CMV-CD vector.
This indicates that the expression of the L-plastin promoter-driven CD
gene is much lower in the peritoneum than in the ovarian cancer cells.

Studies of LacZ Vectors in Organ Cultures of Normal Ovary.
Samples of ovarian cancer and normal ovary tissues were cut into
small pieces then inoculated in organ culture for 2448 h and infected
with either the Ad-CMV-LacZ or the Ad-LP-LacZ vectors for 90 min.
Then fresh medium was added, and the tissues were incubated for 48 h
and then processed to the slide sections for study by the X-Gal
staining reaction. The organ culture differs from the monolayer cul-
ture in that the organ culture is a three-dimensional array of cells. As
shown in Fig. 3, there is a much stronger blue staining in the outer
edges of the cell mass in the organ cultures of normal ovarian tissue
with the Ad-CMV-LacZ vector, middle panel, than with the Ad-Lp-
LacZ vector, right-hand panel. The results indicate that the CMV
promoter is much more active in normal ovarian tissue than is the
L-plastin promoter.

Killing Efficiency of Ovarian Cancer Tumor Cell Lines by
SFC/CD Vector System in Nude Mice. To test the efficacy of the
Ad-Lp-CD replication incompetent vector system in a mouse human
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Table 5 Tumor growth in animals injected with adenoviral LP vectors (percentage of
animals found to be positive for tumors)

The SCID mice were injected with 40 million Ovcar-5 or Skov3 tumor cells, which had
been infected previously in vitro with the Ad-Lp-LacZ vector or the Ad-Lp-CD vector.
Starting on the second day, 500 mg/kg 5-FC was injected each day for 10 days. Animals
were autopsied at 21 days after tumor cell injection, and the presence or absence of tumor
nodules in the peritoneal cavity was assessed.

Ad-Lp-LacZ-infected Ad-Lp-CD-infected
Ovcar-5 (100 MOI) 10/10 (100%) 0/10 (0%)
Skov3 (80 MOI) 5/5 (100%) 0/5 (0%)

tumor xenograft model, we first exposed the Skov-3 ovarian cancer
cell line to the Ad-Lp-CD vector in vitro at 80 MOI or the Ovcar-5
ovarian cancer cell line to the Ad-Lp-CD vector in vitro at 100 MOI
by incubating the cells in the vector for 60 min. Then we injected 40
million of these in vitro-infected Ovcar-5 vector infected cells into 10
nude mice or injected the in vitro-infected Skov-3 ovarian carcinoma
cell line into 5 nude mice. One day after injecting the tumor cells, we

. initiated daily i.p. injections of SFC into each of the animals to

_once a day for 5 days. Right (Ad-Lp-CD), most of

generate a daily peak of i.p. SFC concentrations in the 500-uM range.
We carried on the daily i.p. 5FC injections for 10 days after the tumor
injection. At 21 days after injection into the mice, we killed seven of
the Ovcar-5-injected mice and all five of the Skov3-injected mice and
examined the peritoneal cavity for tumors. The remaining three
Ovcar-5 mice that were not killed at 21 days were killed at 50 days
after tumor injection. As shown in Table 5, all of these animals were
free of detectable tumor nodules, either at the gross morphological
level or at the histopathological level. '

In contrast, as shown in Table 5, all of the animals injected with the
Ovcar-5 in vitro-infected cell lines and all five of the animals injected
with the Skov-3 in vitro tumor cells previously infected in vitro with
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the control Ad-Lp-LacZ virus had detectable signs of tumor cell
growth, either at the gross level or at the microscopic level. These data
show that, in principal, it is possible to prevent engraftment of tumor
cells in nude mice if all of the tumor cells are infected in vitro before
i.p. injection of the cells with the replication-incompetent Ad-Lp-CD
vector, and the animals are injected on a daily basis with the prodrug
(5FC) which is converted into SFU in the tumor cells.

To test the effect of administering the replication-incompetent
Ad-Lp-CD and the Ad-CMV-CD vectors in vivo to preexisting s.c.
nodules, we also tested the effect of intratumoral in vivo injection
of established tumor nodules with the LacZ control vector, the
CMV-CD vector, and Lp-CD adenoviral vector on the growth of
the s.c. tumor nodules. As shown in Fig. 4, the tumors injected with
the control Ad-CMV-LacZ vectors increased 3—-4-fold after vector
injection. In contrast, the size of both the Ovcar-5 and the EJ cell
tumor nodules injected with the Ad-CMV-CD or the Ad-Lp-CD
vector was one-third to one-sixth of the size of the tumors injected
with the Ad-CMV-LacZ vector. The growth of the Ovcar-5 or EJ
cancer cell lines after exposure to the Ad-CMV-LacZ vector was
statistically significantly greater than the growth of the Ovcar-5 or
EJ cell lines after exposure to either the Ad-CMV-CD or the
Ad-Lp-CD vectors, at the P < 0.001 level, by the ¢ test of the ratios
(two-tailed). There was no statistically significant difference in the
growth of the Ovcar-5 or the EJ cancer cell lines exposed to the
Ad-CMV-CD versus the AD-Lp-CD vectors.

To determine whether there was toxicity to the normal tissues, we
studied histopathological sections of the tumor nodules and surround-
ing normal tissues by light microscopic examination after injection
with the Ad-Lp-CD, Ad-CMV-CD, or Ad-CMV-LacZ vectors after
exposure to SFC. As seen in Fig. 5, in vivo injection of the Ad-Lp-CD
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Fig. 4. Effect of in vivo injection of tumor nodules with adenoviral vectors. Ovcar-5 (A4) or EJ (B) cells (5% 105) were injected s.c. into nude mice. After 3 weeks, the tumor nodules
were measured. Then, 10® pfu of the Ad-CMV-CD, 108 pfu of the Ad-Lp-CD, or 108 pfu of the Ad-CMV-LacZ vectors were injected into each tumor nodule, and 500 mg/kg of SFC
was given i.p. once a day for 5 days. Seven days later, the tumor nodules were measured again. [ shows tumor volume before viral particles and SFC treatment; lij shows the tumor

volume 7 days after exposure to viral particles and SFC treatment.

Fig. 5. Vector toxicity to tumor cells and adja-
cent tissues. Ovcar-5 cells (5x10%) were injected
s.c. After 3 weeks, 108 pfu of Ad-Lp-CD (right),
108 pfu of Ad-CMV-CD (leff), or 10° pfu of Ad-
CMV-LacZ (middle) vector were injected into each
tumor nodule, and 500 mg/kg SFC was given i.p.

the tumor cells are necrotic, whereas the adjacent
muscle cells have a normal structure. Left (Ad-
CMV-CD), after injection with the Ad-CMV-CD
vector, the tumor cells are necrotic. Middle (Ad-
CMV-LacZ), after injection of the Ad-CMV-LacZ
vector, neither the muscle nor the tumor are ne-
crotic.
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vectors into the tumor nodules generated toxicity to the tumor cells
(right). In Ad-CMV-CD in vivo-injected tumors, the tumor cells
underwent -necrosis (leff). The toxicity to the tumor with the Ad-
Lp-CD vectors was every bit as extensive in the tumor as that seen
with the Ad-CMV-CD vector. This data shows that the toxic effect of
the Ad-Lp-CD vector/5FC system is as great as that generated by the
Ad-CMV-CD/5FC system, and the toxic effect of these two vectors is
much greater than that seen with the Ad-CMV-LacZ vector.

DISCUSSION

A major limitation of the existing adenoviral vectors used for
cancer gene therapy is the nonselective toxic action of these vectors.
Attempts to render these vectors more selective for tumor cells and

less toxic for normal cells has involved the use of tissue-specific

transcriptional promoters to drive the therapeutic transcription units
for these vectors. One of the limitations that have characterized these
tissue-specific promoters is that the vectors carrying these tissue-
specific therapeutic transcription units are usually less robust in their
antitumor toxic action than nonselective viral transcriptional pro-
moters.

We have reported the use of a tumor-specific rather than a tissue-
specific transcriptional promoter for the regulation of an adenoviral
therapeutic transcription unit. The L-plastin promoter was chosen
because no normal tissue except for the mature leukocyte exhibits
expression of the L-plastin gene. In contrast, most of the established
cancer cell lines exhibit high levels of the expression of this gene.
Experimental results published previously by our laboratory (7) have
shown that a truncated L-plastin promoter retained its high activity
within ovarian cancer cells, whereas it was relatively inactive in

explants of normal peritoneal lining mesothelial cells. This data sug-'

gested that adenoviral vectors carrying therapeutic transcription units
regulated by the L-plastin promoter might be useful in treating ovarian
cancer. '

When the L-plastin promoter is used to drive the expression of CD
chemotherapy sensitization transcription unit in static cultures in vitro,
only 50% of the cancer cells need to be infected to kill 100% of the
epithelial neoplastic cells. In contrast, the percentage of cells that die
in populations of CCD fibroblast cells is much lower, never reaching
100%. At all MOI tested, there are statistically significantly different
levels of cell death generated by exposure to the Ad-CMV-CD versus
the Ad-Lp-CD vectors and SFC (P < 0.001), presumably because of
the lower levels of activity of the L-plastin promoter in the CCD cell
line (see Fig. 1 and 2). Control experiments have shown that the CCD
cell line is as infectible by the Ad-CMV-LacZ as are the epithelial
cancer cell lines (see Table 1). This indicates that low infectivity is not
responsible for the low sensitivity of the CCD cell line to the Ad-
Lp-CD vector. In addition, the intrinsic sensitivity of the CCD to 5FU
toxicity directly added to the culture is not lower than that seen in the
epithelial neoplastic cell lines. Thus, it appears that the level of
expression of the L-plastin-driven genes in the CCD cell line is lower
than that seen in the ovarian and bladder cancer cell lines and this is
responsible for the differential effect of the Ad-Lp-CD and Ad-
CMV-CD vectors in the CCD versus the epithelial neoplastic cell
lines.

Studies in primary normal mesothelial cells and primary cell cul-
tures of ovarian cancer cells show that the ratio of cytotoxicity with
CMV-driven CD adenoviral vectors: to Lp-driven CD adenoviral
vectors is highest in normal peritoneum (ratio of 20—60) as compared
with 3-5 times in ovarian cancer cells in malignant ascites or in
primary or metastatic ovarian cancer. The use of the Ad-Lp-CD vector
to infect ovarian cancer cell lines in vitro before their injection into the
i.p. cavity of SFC-injected nude mice results in a suppression of the

engraftment of these ovarian cancer cells, whereas no sign of sup-
pression of tumor growth occurred when the ovarian cancer cell lines
were infected with the Ad-Lp-LacZ or Ad-CMV-LacZ control
vectors:

These data suggest that, in principle, the L-plastin-regulated CD
transcription units may selectively sensitize ovarian cancer cell lines
to the effects of SFC without significantly sensitizing the normal
peritoneal surface cells to the effects of this SFC/Vector system.

Many obstacles that remain to be overcome are pointed up by this
data. The first is that, for such vectors to work in vivo in patients, some
method must be developed for conferring conditional replication
competency on these Lp-CD vectors so that they may infect 100% of
the tumor cells when administered to patients with existing tumor in
vivo. o

The data in Fig. 3 shows that the expression of the reporter gene is
seen only on the surface of an organ culture of cells infected with a
replication-incompetent vector. Therefore, our laboratory is studying,
on a preclinical level, several different types of adenoviral vectors that
exhibit replication competency that is selective for the regulatory
environment of the tumor cell. Our design is to use the L-plastin
promoter to drive the expression of the adenoviral EA gene, which is
necessary for viral replication, as well as the CD chemotherapy
sensitization gene. Such vectors may be useful in the i.p. therapy of
ovarian cancer.
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 We have previously demonstrated that a truncated form of the L-plastin promoter can confer
“ tumor-specific patterns of expression on replication-incompetent adenoviral vector reporter

and therapeutic transcription units. In this report, a 2.5-kb truncated version of the L-plastin

promoter was placed 5’ to the E1A gene of a wild-type adenovirus. The vector generated

(Ad-Lp-ETA) was directly cytotoxic to established breast and ovarian cancer cell lines and to
- primary explant cultures derived from ovarian cancer, but was not cytotoxic to explant cul-
tures of normal mammary epithelial cells. This vector was not cytotoxic to cell lines in which
the L-plastin E1A transcription unit was not expressed, whereas the same cell lines were
sensitive to the cytotoxic effect of a replication-competent adenoviral vector in which the
cytomegalovirus = (CMV) promoter drove ETA expression. When the tyrosinase
promoter/enhancer was placed 5’ to the E1A gene in the adenoviral backbone, the resulting
vector (Ad-Tyr-E1A) was selectively toxic to melanoma cells and one percent as toxic to explants
- of ovarian cancer cells as the Ad-Lp-E1A vector. Injection of these vectors (Ad-Lp-E1A and
Ad-Tyr-E1A) into nodules derived from the MCF-7 and MDA-MB-468 human breast cancer cell
lines and the TF-2 human melanoma cell line, respectwely, which were growing subcutaneously
--in severe combined immunodeficiency (SCID) mice, induced regressson of these tumors. Such
vectors may therefore be useful in cancer treatment,

Key Words: adenovirus, breast cancer, ovarian cancer, melanoma, E1A, -plastin -
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'INTRODUCTION

Recombinant adenoviral vectors have been widely used in
preclinical models for in vitro and in vivo gene transfer.
Adenoviral vector-mediated therapeutic gene expression
has been achieved in a broad spectrum of eukaryotic cells
and is independent of cell replication [1,2]. In addition,
the E1 gene-deleted, replication-defective adenoviral vec-
tors can accommodate large DNA inserts. Tissue-specific
promoters have been used to regulate the expression of
therapeutic transgenes in these vectors to restrict the tox-
icity of the treatment to the tissue of origin of the cancer
[3]. One of the problems is the low percentage of cells in
a tumor nodule that eventually becomes infected by repli-

cation-incompetent adenoviral vectors. Tissue-specific pro-

moters or enhancers have also been used to regulate the
expression of viral genes that are necessary to the replica-
tion of adenoviral vectors, as well as herpes simplex
recomblnant vectors to increase the number of cancer cells

infected by the vector {4,5]. In this context, the minimal
promoter/enhancer from the prostate-specific antigen
(PSA) gene has been used to drive E1A expression and to
create an adenovirus, designated CN706, that selectively
replicates in PSA-posxtlve cells [4). A similar strategy using

the albumin promoter has been used to develop a herpes

simplex virus that selectively replicates in hepatoma cells
[5]. Genetic complementation between mutations intro-
duced into the E1B gene of the adenoviral vector and
mutations in tumor suppressor genes in the tamor cells
have been used to create adenoviral vectors that are con-
ditionally replication-competent in the cancer cells but
not in the normal tissues of the host [6].

We have been studying the feasibility of using a
truncated form of the L-plastin promoter to create aden-
oviral vectors that selectively replicate. within tumor cells

" and, therefore, are selectively toxicto these cells. The plas-

tins ¢omstitute a family of human actin-binding proteins
(isoforms) that are abundant]y expressed in all normal
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FIG. 1. Organization of conditionally replication-competent ade.

ot noviral vectors. The 2.5.kb t-plastin promoter or the human tyrosi-
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replicating mammalian cells. One isoform, L-plastin, is
constitutively expressed at high Jevels in mature
hematopoietic cell types but is expressed in no other nor-
mal] tissue. L-Plastin is, however, constitutively synthesized
in most types of malignant human cells, suggesting that
its expression is induced during tumorigenesis. L-Plastin
expression is especially high in cancers that arise from
estrogen-dependent tissues [7-10]. To test the feasibility of
conferring tumor-specific conditional replication compe-
tency on the wild-type adenovirus, we have placed a 2.5-
kb truncated form of the L-plastin promoter (Fig. 1) §' to
the E1A gene (Ad-Lp-E1A). For comparison, we have also
placed either the CMV promter (Ad-CMV-E1A) or the

_ tyrosinase promoter/enhancer (Fig. 1) §’ to the E1A gene
in a wild-type adenovirus. Tyrosinase, which is the prod-

_ uct of the albino locus and is a pigment cell-restricted

- enzyme that catalyzes the rate-limiting step in melanin
synthesis, is highly expressed in melanoma cells. The

‘tyrosinase promoter/enhancer cassette used for this pur-
pose has been studied in human and mouse cells [11-13)
for its ability to govern the expression of heterologous
genes in the adenoviral vector.

- The Ad-Lp-E1A vector is toxic to the 'L-plastm-p051t1ve
MCF-7 and MDA-MB-468 established human breast can-
cer cell lines, as well as to explants of human ovarian can-
“cer cells in vitro, but is not toxic to explant cultures of nor-
mal mammary epithelial cells, - When injected
intratumorally, the Ad-Lp-E1A vector suppresses the
growth of L-plastin-positive breast cancer cells in severe
combined immunodeficiency (SCID) mice. We also
demonstrate that the vector that contains the tyrosinase

. promoter/enhancer cassette driving the E1A gene (Ad-Tyr-

.. E1A) suppresses the growth of the TF-2 human melanoma

FIG. 2. Analysis of E1A expression and function, (A) E1A protein production

in cells infected with Ad-Lp-E1A (lanes 1-4) and Ad-CMV-E1A (lanes 5-8).

AdSETA protein expression in Yusac2 human melanoma cell line (lanes 1 and -
" -5), TF2 human melanoma céll line (lanes 2 and 6), MDA-MB-468 human
~ breast cancer cell line (fanes 3 and 7), and normal human mammary epithe-
lial cells (lanes 4 and 8) was detected by western blot analysis. The molecular
weight of the E1A protein marker is 46 kDa. We added 10 g of protein to
.. .each lane. (B) The replication of the viral vectors (Ad-Lp-E1A, Ad-Tyr-E1A, and -

.. Ad-CMV-E1A) in different cell lines (293, Ovcar-5, MDA-MB-486, TF2, and
Yusac2). Cell monolayers (2 X 105 cells/well) in six-well plates were inoculated
with 2 X 10° pfu of the adenoviral vectors. The determination of the yield of
vector (plaque titer) was carried out 72 hours after infection by the plague assay
on 293 cells in six-well plates.

_Human Tyrosinase promoter

E1A and E1B genes. The regulatory elements left in the promoter
in-the adenoviral vectors are identical to those reported by -
Rodriguéz ef al. [4]. The viral packaging signal, which overlaps the
E1A erthancer, has also been left in the area 5' to the E1A tran-
scription unit. Finally, it should be-emphasized that both the E1A
and ETB genes have been left in the vector. ' i

cell line in SCID mice. The results demonstrate that the Ad-
Lp-E1A vector in which E1A gene expression s regutated
by a truncated 1-plastin promoter is 100 times as toxic to
ovarian cancer cells as the Ad-Tyr-E1A vector, which itself
is toxic to melanoma cell lines. Our results also suggested
that a correlation exists between the ability of cancer cell
lines to support the expression of the E1A gene following
exposure to the Ad-Lp-E1A vector, and the degree of
detachment and lysis of the exposed cancer cells. - :

RESULTS

Construction of Conditionally Replication-
Competent Adenoviral Vectors

To construct replication-competent adenov1ra1 vectors, we
inserted the 2.5-kb L-plastin promoter Scal fragment or

" the cytomegalovirus (CMV) promoter or the tyrosinase

promoter/enhancer 5’ to the E1A gene of the wild-type
adenovirus (Fig. 1) according to the reported method [14].
After adenoviral vector particles were generated in HEK
293 cells, the vector DNA was purified. The presence and

" structure of the promoter in each adenoviral vector was

confirmed by PCR, by restriction enzyme analysis, and by -
DNA sequencing of the promoter in the ADS sequence.

|UAd~Lp—E1A 2
"lAd el |
EAdCMVE1A‘ |

TF2 Yusac?
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FIG. 3. Study of the sensitivity of breast
cancer cells to the cytotoxic effect of the

Ad-Lp-E1A vector. The MDA-MB-468
breast cancer cell line was exposed to the
Ad-Lp-E1A vector at an MO! of 100 (left) -
and at'an MOI of 10 (middle). The cells. - 1
in the right panel were not exposed to
vector. The pictures were taken 9 days
after infection. :

‘Western Blot Analysm of E1A Expressxon

E1A protein production in cells infected with Ad- Lp EIA
(Fig.-2A, lanes 1-4) and in those infected with Ad-CMV-
E1A, as defined in Fig. 1, (Fig. 2A, lanes 5-8) was deter-
mined by western blot analysis. The Ad-CMV-E1A aden-
- oviral vector produced considerable E1A protein in the
Yusac2 and TF2 human melanoma cell lines and in the
MDA-MB-468 human breast cancer cell line (Fig. 24, lanés
5-7). Although the Ad-Lp-E1A produced a high level of

E1A protein in the MDA-MB-468 established breast cancer’

cell line (Fig. 2A, lane 3), it produced a much lower level
_~-of expression in subconfluent explant cultures of normal
- human mammary epithelial cells (Fig. 2A, lane 4). These

- data show that the L-plastin promoter can drive the expres- -

sion of the E1A gene in breast cancer cells but not in
explant cultures of normal human mammary epithelial
cells, suggesting a tumor-specific pattern of expression.
The ‘L-plastin’ promoter in Ad-Lp-E1A produces a much
lower level of EI1A expression in the TF-2 human
melanoma cell line (Fig. 2A. lane 2) than in the MDA-MB
_-breast cancer cell line. This suggests a tissue-specific
* pattern of expression of these vectors as well. The fact
‘that the Ad-CMV-E1A vector produced high levels of
“E1A expression in all of the cell lines tested (Fig. 24,
lanes.5-8), even the ones in which the Ad-Lp-E1A
‘and Ad-Tyr-E1A vectors produced only very low or
undetectable levels of E1A expression, suggests that
the low levels of expression in certain cell lines fol--
lowmg exposure to the Ad-Lp-E1A and Ad-Tyr-E1A
vectors was not due to difficulty in infecting the tar- -
get cell lines but due to the low ,strength of the pro-
moters in these cell lines.

The replication of the viral vectors Ad—Lp-I:lA Ad-
Tyr-E1A, and Ad-CMV-E1A in different cell lines (293,
Ovcar-5, MDA-MB-486, TF2, and YusacZ) was ‘deter-

:-mmed by assaymg the rephcated v1rus yleld ‘of the”

doi10.1006/mthe.2002.0680, avaitable online at http://www.idealibrary.com on IDEAL

vectors in those cell lines (Fig. 2B). Theieplicéticsh of the
Ad-Lp-E1A and Ad-CMV-E1A vectors is equivalent in the
MDA-MB-468 human breast cancer cell line. The Ad-Tyr-

E1A vector can replicate in the TF2 and Yusac2 human

melanoma cell lines, but replicates much less in the MDA-
MB-468 breast cancer cell line. These data suggest that the -
replication of these vectors will exhibit tissué and tumor-
specific patterns, in agreement w1th the ElA expresslon
data pxesented in Flg ZA :

Cytolysis Assays in Ceil Lines and Explant Cultures of
Tumor Cells Following Exposure to Viral Vectors

To test if the replication of the Ad-Lp-E1A and Ad~Tyr~‘ v

E1A vectors results in a direct cytotoxic effect, these vec-
tors were analyzed for their ability to generate rounding

up and detachment of established human cancer cell

lines and explant cultures of human tumor cells derived
from excised ovarian cancer tissue from patients. The

" MDA-MB-486 human breast cancer cell line, which has

been shown in our laboratory to support the expression

Explants of Normal Mammary Epithelial Cellsy -

~ Ad-Lp-ETA -

Ad-CMV-ETA

FIG. 4. Study of the sensitivity of normal human mammary epithelial cells (HMEC) to
the cytotoxic effect of the Ad:Lp:E1A vector. Normal HMEC cells were exposed to the
" Ad- -Lp-E1A vector (top left), to the Ad- CMV-ETA vector (top right), and to wild-type

adenovnrus (bottom) at an MO! of 10 for 9 days.

Wild-Type Virus
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‘ Ad Lp L1A vector in vitro. The MDA-MB-468 célls were
infected with Ad-Lp-E1A at différent MOIs. Complete
-~ lysis of the cella was observed 9 days attex mfecﬂon atan

~MCEF-7, produced the same result: (data ot hown)
Normal human mammary ep1theha ells, whuh
showed only very low expression levels of the EI1A gene
- following exposure to the Ad-Lp-E1A vector (hg 24, lane
4) but showed E1A expression following exposure to the
Ad-CMV-E1A adenoviral vector (Fig. 24, Jane 8), were
exposed to the Ad-Lp-E1A and the Ad-CMV-EIA vectors
and to the wild-type adenovirus at an MOI of 10. A round-
ing up and lifting off of the cells was observed following
“exposure of the normal human mammary epithelial cells
to the Ad-CMV-E1A vector or to the wild-type adenovirus
after 9 days (Fig.
following exposure of thé normal human mamimary
epithelial cells to the Ad-Lp-E1A vector (Fig. 4). Thus, the

4). In this experiment, no lysis was seen

 results in Figs. 2-4 show that there is a correlation bctwee,.n :

the expression of the E1A gene, the replication of the vec-
tor, and the lysis of the cell lines following exposure to the
- ‘Ad-Lp-E1A vector. These results suggest that Ad-Lp-E1A

vector can replicate only in cells that support the expres-

sion of genes regulated by the L-plastin promoter.

- To test for a direct cytolytic effect of the Ad-Lp-E1A vec-

- tor in hurman ovarian carcinoma cells, explants of
ovarian cancer cells excised from patients were
cultured as monolayers and then exposed to the
Ad-Lp-E1A vector. At MOIs of 1 and 10, a remark-
able lytic effect was observed in the explant cul-

-~ tures of ovarian carcinoma (Fig. 5). Then, the effect
of the Ad_Lp-ElA Ad-Tyr-E1A, and Ad-CMV-E1A

100

FIG. 6. Study of the sensitivity of explant cultures of avarian can-
-cer cells to adenoviral vectors. Monalayer explant cultures of
..~ ovarian cancer cells were exposed to vafying MOIs of the Ad-Lp-
.. EVA vector, of the Ad-CMV-E1A vector, of the Ad-Tyr-E1A vec-

. tors; and of the replication-incompetent Ad-CMV-LacZ negative

. “control vector. The percentage of cells killed was measured by

the MTT assay [15] 7 days after infection. The percentage of cells

“killed is calculated as the ratio of the absorbance at 490 nm in

the test culture to that of the culture without vector added. All
- data are the result of triplicate assays, and the standard dev;atnon
is less than 15%.

Cell Death Percentage

FlG S. Study of the sensitivity ot explant
cultures ‘of human ovarian cancer cells to
ct of the Ad-Lp-E1A vec-
tion. Explant cultures
ncer cells were

adenovirus §; showed 1yt1c
effects In contrast, cultures of the TF-2 human
melanoma cell line exposed to the Ad-Lp-E1A vector did
not show detectable cytotoxicity (Fig. 7). These data show
that the toxic effect of the Ad-Lp-E1A vector is much
lower in the TF2 human melanoma cell line than in the
ovarian or breast cancer cell ines. This suggests that the
L-plastin promoter, when placed 5’ to the E1A gene in the
adenoviral vector, can act as a tissue- speaflc, as well as
tumor-specific, promoter

Treatment of Human Breast (,dn(,er Xulogrdtt with
the Ad-Lp-E1A Vector and of Human Melanoma

~ Xenograft with the Ad-Tyr-E1A Vector

To evaluate the therapeutic efficacy of the Ad- Lp-hlA vee-
tor in vivo, MCF-7 and MDA-MB-468 human breast cancer

8- Ad-CMV-E1A
et AQ-LD-ETA
~—#~ Ad-Tyr-E1A

. —— Ad-CMV.LacZ

© MOLECULAR THERAPY Vol. 6, —Nos Septem‘l;we;;f).ozm .
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cell lines were ‘injected subcutaneously into SCID mice,

~ allowed to grow into subcutaneous tumor nodules of at
* least 50 mm? in size,-and injected three times with 1 x 108

pfu of the wild-type adenovirus (Fig. 8B), the Ad-Lp-E1A
vector (Fig. 8B), or the Ad-CMV-LacZ vector (Fig. 8B), once

_-every 2 days. Injection with the Ad-Lp-E1A vector was asso-
~ clated with inhibition of MCF-7 tumor cell growth (Figs.
8A and 8B). The standard deviations about the mean are

defined for each data point by the vertical error bars. In Fig.
8B, the standard deviation about the mean of the sizes of

. the tumor nodules in animals injected intratumorally with
“'the wild-type adenovirus or the Ad-Lp-E1A vector do not
~overlap with the standard deviation about the mean of the

tumor sizes in animals injected intratumorally with PBS or
with the Ad-CMV-LacZ vector. The differences between the

_standard deviation about the mean of the tumor nodule

size following intratumoral injection with the Ad-Lp-E1A
vector and the standard deviation about the mean of the
tumor nodule size following intratumoral injection with

“the Ad-CMV-LacZ vector or PBS are statistically significantly
. different at the P < 0.0001 level, using the unpaired #-test.

If one tests whether the means of the sizes of the tumor
nodules injected with the Ad-Lp-E1A vector are different

_ from the means of the sizes of the tumor nodules injected
~ with the Ad-CMV-LacZ vector or PBS using the upaired t-

test, the two-tailed P value is 0.0152 or 0.0262, respectively,
which is considered significant. These results indicate that

o injection of the Ad-Lp-E1A vector can suppress the growth
- of the MCF-7 cell line in vivo. A similar result was observed

in MDA-MB-468 human breast cancer cell line xenografts
(Fig. 8C). However, all m)ected cell lmes eventually Tegrew
in this model.

déi:i&‘l 006/mtﬁe.2002.0680, available online at http://;zvvs)w.idea!ibrary.com‘ on IDEAL

- -FIG. 7. Cytotoxicity of the aden-
“oviral vectors to the melanoma
TF-2 cells 9 days after infection.
~Monolayers - of the ~human
? .melanoma cell line TF-2 ‘were
T exposed to wild:type virus (top
:, left), the Ad-CMV-E1A" vector
" (bottom left), the Ad-Lp-E1A vec-
“tor (top right), and the Ad-Tyr-
E1A vector (bottom right).

o

- In'a similar manner, the human melanoma TF-2 cell
line was injected subcutaneously and allowed to grow into
a tumor nodule in SCID mice to test the lytic effect of the
Ad-Tyr-E1A vector on human melanoma cells in vivo.
Then, these nodules were injected intratumorally once

- with 1 X 10®total particles of the vectors Ad-Tyr-E1A (Fig.
. 9), wild-type adenovirus (Fig. 9), and Ad-CMV-LacZ (Fig.

9), and with PBS (Fig. 9). The injection of the wild-type
adenovirus into the TE-2 tumor nodules, or the injection
of the Ad-Tyr-E1A vector into the tumor nodules, resulted -

-in a reduction in the size of the melanoma tumor nodule,

whereas no reduction in tumor growth ‘occurred with
injection of either PBS or the Ad-CMV-LacZ vector (Fig. 9).

The standard deviations about the mean of the sizes of the
tumor nodules injected intratumorally with the wild-type

- adenovirus or the Ad-Tyr-E1A vector were less than and

did not overlap with the standard deviation about the

“mean of the tumor nodule sizes in animals injected intra-
“tumorally with PBS or with the Ad- CMV-LacZ vector.

Although the TF-2 tumor nodules injected with the Ad-

- Tyr-E1A vector appeared to be growing more slowly than

the TF-2 nodules injected with PBS or with the AD-CMV-
LacZ vector, the differences in the standard deviations of
the means of the tumor sizes injected with Ad-Tyr-E1A .
versus PBS or Ad-CMV-LacZ were not statistically signifi-
cantly different (P values 0.1178 or 0.1599, respectively),
as determined by the unpaired t-test. This lack of statisti-
cal significance may reflect the wide range of replicate val- -
ues in the PBS- and Ad—CMV-LacZ—mjected tumor nodules. -
Longer follow-up showed that the wild-type adenovirus-
or Ad-Tyr-LlA-vector injected TF-2 human melanoma cell
line eventually regrew. .’ : c
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(A) Photograph of mice injected intratiimorally with'either the Ad-Lp-E1A
‘vector (left) or with the Ad-CMV-LacZ vector (right) following injection
of MCF-7 breast cancer cells. (B) The treatment of MCF-7 breast cancer
. xenografts with recombinant adenovirus. Tumor xenografts were treated
with the recombinant vectors (108 pfu) Ad-Lp-E1 A wild-type adenovirus,
and Ad-CMV-LacZ, and with PBS buffer by intratumoral injection on day
.0 (1 week after tumor subcutaneous incubation) and measured. The data
represent the mean of five replicate animals, The bars indicate the stan-
dard deviation about the mean of these values. The standard deviations
“about the mean (vertical error bars) of the sizes of the tumor nodules in
animals injected with the negative controls (PBS or Ad-CMV-LacZ) and
the test vectors (Ad-Lp-E1A or wild-type @denovirus) are-statistically sig-
-nificantly different at the 0.0001 level, by the unpaired t-test. (C) The sur-
vival analysis of SCID mice with MDA-MB-486 xenografts. Ta establish
_subcutaneous tumor nodules, mice were inocufated subcutaneously in

“Tumor Volume (fm?)

Percentage

2500 j
2000 - _
1500 - {"’*PBS )
0~ Ad-CMV-LacZ
1000 - |- AdLp-El
‘ }*—*—-WTAdS {
500 - ‘ - :
0 »-
0 16 25 55
Day sfter injection of adenovirus
i |- -®--AdLp-E1A
' i [--w-- Ad-TyrETA
=~ A~ -Ad-CMV-Laz|
O WT-AdS

Days

the rear flank with 5 X ‘105 MDA-MB-468 cells in 100 i of PBS. The tumor growth was asséssed by measuring bidimensional pe}pe'ndicular diarneters. Each
animal was injected intratumorally with 10% pfu of the following viral vectors 1 week after inoculation of the MDA-MB-468 breast cancer cells: Ad-Lp-E1A, Ad-
Tyr-E1A, wild-type adenovirus, and Ad-CMV-LacZ. The animals were killed by isoflurane when the tumors reached a volume of > 1000 m.m3.'

Discussion

- The goal of this work was to create adenoviral vectors that
displayed tumor-specific replication competency and that
were directly cytotoxic to tumor cells. In these replicatiori-
competent adenoviral vectors, we kept E1A and E1B intact
because deletion of the E1B gene or the reduction of the
expression of both the E1A and E1B genes through the use
of an inducible promoter will decrease remarkably the

1200 -

8

' Tumor Volume (M)

‘Days

~k— wild-type AdS

'—*"'/_\d{MV»lac

replication of these vectors {_16}. In the vectors described -
in this paper, the E1A promoter region was deleted, but the

~enhancer that overlaps the §’ end of the viral packaging

signal remains. This remaining viral element may enhance
the L-plastin promoter, because the L-plastin promoter in
the vectors we have developed appears to be stronger in
the adenoviral vector than in plasmid expression vectors
(data not shown). The L-plastin promoter is a tissue-spe-
cific but weak promoter. - , E

—4— Ad-Tyr-Ela
i PBS

FIG. 9. The treatment of TF-2 melanoma tumbor xenografts
with recombinant adenoviral vectors. THe tumor xenografts .

- were injected intratumorally with 108 pfu of Ad-Tyr-E1A,
wild-type adenovirus, or Ad-CMV-LacZ, or by PBS buffer, by
intratumoral injection on day 0 (1 week after subcutaneous
tumor cell inoculation) and measured weekly. The data rep-
resent the mean of five replicate animals. The bars represent
the statidard deviation about the mean. The standard devi-

. ations about the mean of the tumor sizes in animals injected "
with either PBS or Ad-CMV-LacZ were hot found to be sta-
tistically significantly different with the standard deviation
about the mean of the sizes of tumor nodules in afimals
injected with the Ad-Tyr-E1A vector (P =0.1178 or 01599
by the unpaired t-test. - )
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We chose to compare the cytotox:c action of rephca«
‘tion-competent vectors, which contained the L-plastin
-promoter 5 to the E1A gene (Ad-Lp-E14), with another
vector that contained the tyrosinase promoter and tissue-
: specmc enhancer 5’ to the E1A gene (Ad-Tyr-E1A), with a
vector in which the CMV promoter drove the E1A gene

_ . (Ad-CMV-E1A), and with the wild-type adenovirus. These ‘
experiments extended previous work in our laboratory

with replication-incompetent adenoviral vectors, which
showed that a truncated form of the L-plastin promoter
was active in established neoplastic cell lines derived from
estrogen-dependent tissues, even after bemg embeddcd in
the adenoviral backbone {7,15].

We showed first that the Lp—ElA transcnptnon unit of
the Ad-Lp-E1A vector was expressed in breast cancer cell
dines but not in explant cultures of normal human mam-
mary epithelial cells. We showed as well that the tyrosi-

- nase-E1A transcription unit was not active in breast can-
cer cell lines. We then showed that the Ad-Lp-E1A was
cytotoxic in vitro to the MCF-7 and the MDA-MB-468

_ established human breast cancer cell lines, destroying the

~ entire monolayer at an MOI of 10, but was not toxic to
normal human mammary epithelial cells at the same MOIL.
The Ad-Lp-E1A also caused lifting up and rounding up of
all of the cells in explant cultures of ovarian cancer célls

_-obtained from surgical specimens when the vector was
added at an MOI of 10. This pattern of toxicity (Figs.
3-5), which mirrored the expression of the E1A tran-

scription unit when placed under control of the L-plas-
tin promoter (Fig. 2A), suggests that the L-plastin

- promoter is specifically active in cancer cells but not in

normal cells, and that the Ad-Lp-E1A vector is selectively
toxic to cancer cells but not to normal cells.

The Ad-Tyr-E1A vector was directly cytotoxic in vitro

~ predominantly to tumor cell lines that corresponded to
“the origin of the tyrosinase promoter (melanoma cells),
whereas they were much less toxic'to the breast and ovar-
ian cancer cells. The Ad-Lp-E1A vector was much more
toxic to ‘breast ‘and ovarian cancer cells than to

melanoma cell lines. Thus, the L-plastin-driven E1A

vector was not only much more toxic to cancer cells than
~ to noncancer cells of the same epigenotype, but this
vector also was much more toxic to breast and ovarian

v cancex than to other types of nonepithelial cancer.
 We were also able to show that this tumor-specific
cytolytic effect extended into the in vivo setting by inject-
ing the vectors into the subcutaneous nodules of either
breast cancer cells or melanoma cells in a SCID mouse
human tumor xenogratt. These experiments showed that
~the Ad-Lp -E1A vector could 'transiently suppress the
~growth of the MCF-7 or MDA-MB-468 breast cancer cell
- lines and could suppress those cells even after they had
~grown into an established tumor nodule. In addition,
the Ad-Tyr-E1A vector transiently suppressed the in vivo
. growth of the TF-2 melanoma cell line in the SCID mouse
.. model. Because the injection of the Ad-CMV-LacZ

doi:10.1 006/mthe.2002.0686, available online at http://www.idealibrary.com on IDEAL

control replication-incompetent a\deiﬁgiriral v‘e'.vcteo‘r, into
the subcutaneous tumor nodules in the SCID mice did .

‘not suppress the growth of the-tumor nodules, the sup-

pressive effect of the Ad-Lp-E1A and the Ad- Tyr-ElA vec-
tors was most likely dependent on the replication com-

‘petency of these two vectors, rather than to a
consequence of an immunological reaction to the vector, .
In addition, the lytic effect of the Ad-Lp-E1A vector on

cell lines in vitro was equivalent to the effect of the Ad-
CMV-E1A on the tumor nodules in the SCID mice.

Thus, these data suggest that the Ad-Lp-E1A vector
may ultimately be of value for the development of
therapeutic vectors for the treatment of solid tumor
malignancies. However, the suppressive effect of the vec-
tors was not durable. It will be important to add a
therapeutic transcription unit to these vectors so that
their toxic action on tumor cells is more robust. A sec-
ond change would be to engineer the vector such that it
would bind only to tumor cells and not to normal cells.
The effects of these changes are currently under study in
our laboratory.

MATERIALS AND METHODS

Cells and cell culture. The following ceélls were obtained from the
American Type Culture Collection (Manassas, Virginia, USA): the MCF-7 )
and MDA-MB-468 human breast cancer cell lines and the 293 human

embryonic kidney (HFK) cell line. The Ovcar-$ human ovarian cancer cell

line was obtained from Thomas €. Hamilton of the Fox Chase Cancer -

Center (Philadelphia, PA). The TF-2 and Yusac-2 human melanoma ‘cell
lines were obtained from Ruth Halabari at Yale Umvcrslty {New Haven, CT).
Explants of normal human mammary epithelial cells were obtained from
Clonetics (Waldersvile, MDJ). All cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplementecl with 10% heat-inactivated
fetal bovine serum (FBS). .

Structure of the L-plastin and tyrosinase promoter ElA repllcatwwcom-
petent adenoviral vectors. A DNA fragment that contains the E1 gene'was’
generated from wild-type adenovirus § using the followi ing PCR primers:

§-ACGCGTCGACGCGAGTAGAGTTTTCTCCTCCG-3' and $*-AGCTTG
TITAACTCGAGGACAGGCCTCTCAAG-3' (GeneAmp XLPCR Kit, Perkin
Elmer). The $200-bp PCR fragment was digested with Sall and Pmel restric-
tion enzymes and then ligated into the pShuttle plasmid [14], which had
been cut with Salt and Pitel to produce a new shuttle plasmid (pADshuttie)
which contains a complete E1 gene bitt a deleted E1A promoter. The pro-
moter fragments were inserted betwéen the Notl and Sall sites of the
PADshuttle (Fig. 1). The 1-plastin Scal promoter was inserted into pBluescipt -
Sk+ after it was excised from AdLpLaz [7]. The L-plastin Scal promoter frag- -

ment was then cut from the pbluescript Sk+ with Notl and Xhol. It was then
ligated into the pAD shuttle plasmid. The human tyrosinase promotet-
enhancer was synthesized by PCR from human Yusac-2 genome with three
pairs of primers: HIP1, §’-CCGGAATTCATTCTAACCATAAGAATTAAS’,

and HTP2, 5'-ACGCGTCGACGGAACTGGCTAATTGGAGTC-3'; TEL, §'-

ATITGCGGCCGCAATTCTGTCTTCGAGAACAT-3', and TE2, 5'-CGCG-

© GATCCATGGAAATGCTGCCTCTG-3'; HENI, §-CGCGGATCCAATTCTTC-

GAGAACAT-3’, and HEN2, 5'-CCGGAATTCATGGAAATGCTGCCTCTG-3'.
The HTP fragment was cut'with Sall and EcoRl: The HEN fragment was cut
with EcoRl. The vectors generated were sequenced. After sequencing; this
NotT and Sall fragment was inserted into the pAD shuttle vector. We also
synthesized the CMV promoter with PCR and insérted it into the pAD
shuttle plasmid. The vector has the same regulatory elemerits left in the
E1A and E1B region, including the vector»packaging signal, as reported by
Rodriguez et al. [4]. .
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The replication-competent adenovxral vectors under the control of the

v-plastin, tyrosinase, and CMV promoters were prepared by standard
homologous recombination techniques using the pAD shuttle plasinids

" with AdEasy-1 (provided by Tong-Chiuan He and Bert Vogelstein [14] of the

Howard Hughes Medical Institute, Johns Hopkins Oncology Center) in
Bj5138. After cutting with Pa¢l, the adenovirus DNA plasmids, which con-
tain different promoters, were transfected into HEK 293 cells. Each recom-

. binant adenoviral vector was isolated from a single plague and expanded

in HEK 293 cells. Viral DNA was tréated and analyzed by PCR to confirm

 the structure of the E1A promoters in the virus. 'I‘he x-plasti n promoter was

sequenced to confirm its structure.

The vector for experimentation was prepared by infecting 30 15.cm tis-

' sue culture plates of HEK 293 cells and by harvesting the detached cells after
48 hours. The viral particles remained associated with the cells. Cells were

* adenoviral vector with the CMV promoter driving the E1A gene (Ad-CMV- -

- with adenoviral vectors at the indicated MOI, Photomncrographs were taken

collected by centrifugation at 400y for 5 mintites at 4°C. The cells were

‘resuspended in 10'mL of cold PBS (free of Ca2* and Mg2*), and were lysed
with three cycles of freezing and thawing. The cells were collected by cen-
trifugation at 1500¢ for 10 minutes at 4°C. The supernatant was placed on

. -a gradient prepared with equal parts of cesium chloride in phosphate-

buffered saline (PBS; 1.45 g/mL and 1.20 g/mL), and then centrifuged for

3 hours at 15,000¢ at 12°C. The virus band was removed, rebanded in a .

preformed cesium chloride gradient by ultracéntrifugation for 18 hours,
and dialyzed against cold PBS, pH 7.4, containing 10 mM MgCl, and 10%

glycerol. Titers of purified adenoviral vectors were determined by speCw

trophotometry and by plaque assays.

" Western blot analysis' of adenovirus E1A protein expression. I‘or detec-

tion of the E1A protein, 2 X 10 cells in six-well culture plates were infected
with Ad-Lp-E1A and Ad-CMV-E1A at an MO! of 10. Cells were collected
and lysed in cell lysis buffer (S0 mM Hepes, pH 7.5, 0.15 M- NaCJ, 1 ;M
EDTA, 1% NP-40, 1 mM PMSF, 10 mM NaF, 10 ng/nL aprotinin, 10 ng/ml
leupeptin, 1 mM DTT, and 1 'mM sodium vanadate) 24 hours after viral

* infection, incubated for 60 minutes on icé, and centrifuged at 1500g for

10 minutes at 4°C. The supernatants were transferred to Eppendotf tubes
and were kept at 100°C for 5 minutes. We added 10 pg of protein to each

lane of the $DS PAGE gel. Protein was analyzed by immunoblotting with -

monoclonal antibody against the wild-type Ad5 E1A protein. Reactivity was
visualized by enhanced chemiluminesceiice (Amersham Life Sciences, Inc.,
Arlington Heights, 1L),

In vitro viral replication ns\my Monolayer cen cultures in s:wiell chshes .

(1 X 108 cells/well) were infected with the Ad-Lp-E14, Ad-Tyr-E14, and the

E1A), at an MOI of 10 pfu/cell. The virus was removed 2 hours after inoc-
uation. The cells were then washed twice with PBS and incubated at 37°C

for 72 hours. Lysates were prepared with three cycles of freezing and thaw- ’

ing. Serial dilutions of the lysates were titered on HEK 293 cells.
Cytopathic éffect assays. Cells were passaged 24 hours before mfectwn

on days 3, 5, and 9 after infection.

In vive gene transfer to humrm breast cancer xenogmﬂs and human'

- melanoma xenograft. Subcutancous tumor nodules were established by
- -subcutaneous injection of 5~10 X 10¢ MDA-MB-468, MCF-7 breast cancer

‘cells or TF-2 melanoma cells suspended in 0.1 ml of PBS into the flanks of

female SCID mice aged 5—6 wecks. Tumor nodules were allowed to grow

subcutaneously to approximately 6-7 mm in diameter. For intratumoral

ARTICLE

- injection of the viral vectors, 50 wl of viral particles (10° pfu) suspended

in PBS were injected using a 25-gauge neetle, Tumor size was measured at
the indicated times after injection in their longést dimension and the

dimension at -90° to that mieasurement. Tumor volumes were calculated - .
-using the following formula: (length X width?)/2. Tumor volumes were
- mormalized to 100% on day 0 (V/V,). Results are expressed as the frac

tional tumor volume (mean & SD) at each time point comparéd with that
on the day of lnjectxon . . :
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RBstRAcT For the past 50 years, during which chemotherapy
has been administered for the treatment of cancer, the para-
dlgm driving ‘the selection of chemotherapeutlc agents was
“their capability to damage the DNA of dividing cells. In addi-
tion, chemotherapeutic agents were studied for the selectivity
of their toxic effect to the cancer cell versus the normal cell.
Because many of the normal cells in the body shared the phe-
'notypé of cellular division with the tumor cells, the drugs de-

veloped for the treatment of cancer displayed only relative se- :

_ lectivity for the cancer cell. The advent of structural biology

and computational chemistry to drug development, and the

explosion of information about the molecular and genctic
changes acquired in the cancer cell, have now produced the
: bpportlfnity to design drugs for cancer treatment which speci-
fically block the cffects of the signals within cancer cells which
drive the evolution of the discase process to unregulated cell
-growth. The implementation of this new mode of drug design

ter.

‘,K@z words molecular chemotherapy, gyneco‘logjc malignancies-

INTRODUCTION One of the obstacles to the success of chemo-
“therapy for cancer treatment is that resistance may evolve

very rapidly following exposure to chemotherapy, or is pre-
sent at the start of chemotherapy. Thus, reniissions are fol-
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to the field of cancer chemotherapy is the subject of this chap- -

lowed by recurrences and the phenotype of the recurrent di-
sease is much more resistant than that of the original tumor _
poputatnon

This pattcrn of recurrence is often assumed to be due to the
genetic instability of tumor cell. The imposition of negatwe se-
lection on any population of genetically unstable cells leads to
low frequency clones of tumor cells which may have acquxred
higher levels of rcsastance ,

NORMAL TISSUES ASSOCIATED WITH TUMORS ARE NOW TAR-
GETS FOR MOLECULAR CANCER TREATMENT The acquisition of

- additional somatic mutations due to the etror prone nature’

of DNA replication, the increased proliferative activity of
tumor populations, and the diminished repair capacity of
mutant populations of neoplastic cells, leads to increasing
resistance in tumor cells to the effects of chemotherapy.
This has led many therapists to consider ¢hanging the target
of therapy from the tumor cells themselves to alternative tu-
mor associated populations of normal cells upon which the
continued proliferation or survival of the tumor population
depends. One such target is the vasculature ‘associated with
tu’ndor tissue. Another normal target which canaffect the na-
tural history of a tumor population is thc systemic immune
response.

DEVELOPMENT OF MOLECULAR THERAPY INVOLVING TUMOR VESSELS
Folkrman (1) has emphasized the important role that the ela-
boration of the tumor associated vasculature plays in the
growth of solid tumors. It is clear that for tumor cells to grow
above a minimal size, which is determined by the diffusion li-
mits of nutricnts and oxygen, the tumor must stimulate the
development of vasculature as the tumor grows. The normal
endothelial cells start to extend into the growing tumor miass,
perhaps preceded by the influx of pericytes. Folkman (1) has
focused on the development of agents which are known to
suppress the growth of endothelial cells, the so called tumor
neovasculature. Although this “anti-angiogenic” therapy has
displayed activity in animal models, it may result bnly in sta-

~ bilization of the size of tumor nodules. This is due to the fact
. that the anti-angiogenic therapy does not affect the existing
vasculature, but only the development of additional vascula-

ture which then allows the tumor to grow.

This recognition has led to the study of the tumor vascilatu-
Te, both in the growing zone of angiogenesis and in the stable
non- prohferatmg zone of the established tumor mass. Inte-

restingly, both the established vasculature of tumor tissue, as

well as the growing zone of tumor neovasculature, display
proteins on the endothelial surface that do niot appear on the

surface of endothelial cells which are part of vesseéls of normal

tissue. Schnitzer and co-workers (2) have reported the appea-
rance of a humber of novel proteins on the surface of tumor




ﬂ‘_“‘

 factor, a
‘luminal surface of normal vessels in the absence of vessel in-
jury or inflammation (3-4). When tissue factor is exposed in
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- cell vasculature. Other workers have developed data sugges-

ting that the established vessels of tumor tissues display tissue
transmembrane protein not usually exposed to the

the setting of vascular injury or inflammation to the luminal

'surface of vessels, it binds to factor VII, which is a factor of
‘intravasculat coagulation. Upon binding of factor VII to tis-

sue factor, factor VII is activated thereby triggering the ext-

- ringic pathway of coagulation which results in the conversion

of ﬁb‘rinog"en into a fibrin clot.

©The exposure of the blood stream to tissue factor and the con-
‘sequent binding and activation of factor VII also has an effect
oon the activation of platelets as well. Since tissuc factor does

not appear on the endothelial cells of vessels associated with
normal tissue, the presence of tissu¢ factor on the luminal
surface of the endothelium of tumor associated vesscls has

provided a target to which to selectively deliver anti-cancer
therapeutic reagents.

Another way of identifying molecular targets which can be

~used to deliver therapeutics to tumor vasculature is in vivo
‘phage display. Pasqualini and Ruoslahti (5) have injected into

tumor bearing mice a library of bacteriophage, which display

- random peptides on the surface of the coat proteins of the bac-

teriophage. Injection of these bacteriophage showed a four-
fold difference in the binding of the various bacteriophage clo-
nes to vessels of different fissues. Also, peptides which bind to
known proteins present on tissues (6) were isolated (e.g. the
RGD peptide which is known to bind to the alpha 'V beta 3 in-

“tegrin receptor present on the endothelial cells of some tissues).
“These workers are attempting to determine if this pattern of
“binding of random peptides to the endothelial celis of diffe-

rent types of tissues can be used to target therapeutics to tu-
mor associated vasculature.

‘Other tumor vascular targeting approaches which may reach

the clinic include adenoviral vectors-which are engineered to
bind fo tumor neovasculature, or which carry transcription
units encoding proteins directed to the tumor vasculature, or
chemicals which can target directly the tumor vasculature or
angiogenesis receptors.

Atthe beginnin_g of the field of anti-angiogenesis therapy, stu-

" dies focused on natural products and low molecular weight
" chemicals which target tumor vessels or angiogenesis recep-

tors. Folkman (1) has been responsible for launching therape-

utic trials of number anti-angiogenic agents including endos-
- tatin and angiostatin which are derived from normal proteins

in human beings. The animal experiments designed to analyze

.the efficacy of these proteins involved the infusion of the re-

combinant proteins on a daily basis to patients with a wide

spectrum of malignancies. The data so far from these clinical
phase T trials suggest that the incidence of partial responses
will be low, and that the most that one can hopc for may be

stabilization of disease. '

These results have promptcd mvestlgators to combine anti-
angiogeneic proteins with chemotherapy or radiation therapy.
Such tifals are currently underway: The second direction is to
engineer an angiostatin or endostatin 'ekpression unit in the
backbone of the adenoviral vector (7). These efforts arc cur-
rently at the préclinical and anima‘lmodel s'tage PreSumably
nant endostdtm or anglostatm proteins is that instead of a daﬂy
infusion, which results in Wide ﬂuctuatlons ofthe mtravascular
levels of these proteins, the usc of a vector produces conti-
nuous levels of the therapeutic protein. The limitation of this
approach may be ‘the absolute level of that protein can be
maintained and the time over which one can administer these
vectors. The adenovirus stimulates a strong immune Tesponse.
There may therefore be a limit to the number of injections one
can administer before the host immune response may block
the effect of the vectors. : '

A final vector approach t tumor neovasculature is to engine-
er adenoviral vectors carrying transcription units encoding
chimeric immunoconjugate molecules which are composed
of an aminoterminal targeting domain ahd a carboxyltermi- -
nal functional domain. In one ‘of these, Hu ef al. (8-9) have
introduced into a replication incompetent adenoviral vector
a transcription unit which éncodes the aminoterminal domain
of a modified factor VII carrying a loss of function’ mutation, -
which can bind to the tissue factor on the surface of the tu-
mor associated vasculature, linked to the carboxylterminal
end of the IgG Fe fragment of an immunoglobulin molecule.
The strategy is to inject the adenoviral vector encoding ‘this
immunoconjugate molecule into a subcutaneous tumor no-
dulé. The immun‘oconjugatc transcription uit is engineered
such that the fusion immunoconjugate factor VII/Ig G Fc- '
protein is secreted from the vector infected tumor cells into
the systemic circulation where it is free to bind to vessels as-
sociated with tumor cells all over the body. Preclinical animal
studies of this approach so far published (8-9) show that me-
tastatic deposits far from the nodules undergo regression.
This approach is undcrgomg extensive preclinical testing at
this time.

A non-vector approach is to design low molecular weight che-
mhicals which can target the endothelial surfaces of vessels
associated with tumor cells. These dru_gs are based on the
analysis of the peptides which are found to bind to tumor as-
sociated vessels, or the compuitational analysis of receptors’
which participate angmgcne@xs These dircctions will be pur-
sued in the next two to three years.
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DEVELOPMENT OF MOLECULAR THERAPY INVOLVING THE IMMUNE RES-

_PONSE The other nofmal tissue which can affect the natural

history of tumor cells is the immune response. Many workers
are exploring ways of producing novel drugs, vectors and re-
combinant proteins which can be uised to target the immune
response against the tumor cells.

‘The explosion of information about -antigen presentation in

normal tissues and tumor tissucs suggests that there are many
abnormalities in the presentation of tumor antigens. Décrea-

~ses in the level of surface cytoadhesion moleciiles necessary

for presentation of antigens are characteristic of tumor cells

as compared to normal cells. Another major problem is that

‘the tumor antigens are transmitted only very inefficiently to

the intracellular environment of professional antigen presen-

~ tation cells, the dendritic cells. The start of the immune res-

ponse is the presentation of the target antigen by specialized

cells which display antigenic peptides in a context which can

be recognized by clones of T cells competent to respond to
these antigens (10).

This system works very well to limit and control viral infec-

tions. Following the infection of respiratory mucosal célls

by viruses, the dendritic cells, which -are present in large
numbers in these surfaces, are infected. The replication
of the vectors then results in the elaboration of high levels
of viral proteins within the dendritic ‘cells. This results in
the appearance of high levels of viral'specific peptide anti-
gens bound to histocompatibility presentation molecules
associated with beta 2 mi'croglobulin This generates a sys-
temic immiune response against the virus and v1rally infec-
ted cells.

Although dying tumor cells can release ‘tumor associated pro-
teins which can be taken up by antigén prcsehting cells, this
process is very inefficient and therefore the levels of tumor as-
sociated proteins within the antigen presenting cells is véry
low. Thus, there is no mechanism through which tumor asso-
ciated proteins can reach levels within the antigen presenting
cells which are in excess of the endogenous proteins of the an-
tigen presenting cell. This results in levels of tumor-associated
peptides bound to antigen presentation molecules which are
low in comparison to non-tumor associated proteins on the
surface of antigen presenting cells. The only circumstance un-
der which tumot c¢ll antigens can be presented -at very high

levels on antigen presenting cells is in the neoplastic diseases
in which the dendritic cells can differentiate from the neo-

plastic population itself (11). In the case of lymphomas and
leukemias, in which this can take place, there is good eviden-

" ce that autologous dendritic cells, and the infusion of T cells

exposed to such dendritic celis,_’ca‘n’ induce regressions of estab-
lished tumors, or prevent the engraffment of tumor cells in
animal models (12).
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For most tumors however, the only mechamsm Wthh can de-
liver exogenous tumor associated proteins to the mtracellular

‘compattment of the dendritic cell siich that they can appear

on the surface of the dendritic cell in a way that triggers aT
cell cellular immune response to the-tumor antigens, is the
process’ Wthh is called cross pnmmg (13).

‘Purified or recombinant proteins, peptides and gang]:ioé'idt:_s‘

have been used in an attempt to activate the cellular immuone
response. Peptides administered alone or with adjuvants, or =
peptides linked to molecules which can target sites on antigen

‘presenting cells, or to subcellular locations within dendritic
‘cells, are the subject of intense preclinical and clinical investi-

gation at this time (14-15).

Many papers report animal model data based on the use of

"adenoviral vectors carrying transcription units which code for

tumor associated antigens. These adenoviral vectors are used
to infect the dendritic cells. These infected dendritic cells are
infused into the intravenous space, injected into the lymph
nodes, injected into tumor cells, or injected into the subcuta-
neous or intradermal space. Déndritic. cells have also been
loaded by fusing the dendritic cells with tumor célls to intro-
duce the tumor antigens into the antigen presenting cell (16).
Finally, incubation of the antigen prescnting cell with recom-
binant peptides that bind to the HLA peptide binding pocket
has been tsed to load dendritic cells with tumor associated
antigens. These molecular targeting approaches are currently
under study in prcchmcal and clinical tnals

APPROACHES FOR THE DESIGN OF MOLECULAR TARGETED DRUG
THERAPY Computational and combinatorial chemistry can be

- used for the development of molecular approaches, which tar-

get the tumor cell. The approach differs when structural data
about the target protein is available, and in those cases in
which there is no data about the structure of the target pro-
tein.

DESIGN OF MOLECULAR THERAPEUTICS STARTING FROM_PROTEIN
STRUCTURE DATA Ample data now exists that supports the con-
tention that oncoprotein structures can be used to design in-
hibitors of enzymes or proteins associated with human disease.

‘The first example is the use of X-ray crystal structure to de-
sign inhibitors of proteases which are necessary for the conti-

nued replication of the human immunodeficiericy virus. Re-
cently, Thiesing et al. (17) has brought forward a-drug, STI
571, which blocks the binding of ATP to the ATP binding site

‘of the enzyme pocket of the p210bcrabl kinase for the treat-

ment of chronic myelogenous leukaemia (CML).

Models for the development of drugs which can bind to tar-

.gets which are unique to tumor cells are under developrent

for many different types of targets in tumor cells: for _growih.
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factor receptors, metastasis receptors, purine pockets in memb-

rane G proteins and oncoprotein tyrosine specific protein Iu
nases. Pockets or receptors are the best targets for this type of

* drug design rather than the protein contdct points which of-

ten do not have single points at which the stability of a comp-
lex can be affected. :

* In addition to the use of computational analysis of purine

pockets to design chemicals which can inhibit the function of
oncoproteins, chemical combinatorial libraries can be genera-

ted which are biased on the basis of the structure of lead com-

pounds derived from structurdl analysis of thé target onco-

proteins or their co-factors. Recombinant fragments of the

target protein are then used to screen the chemical combina-
torial libraries for compounds which exhibit high affinity or

~inhibitory activity for the target proteins. In addition, mole-

cular scaffolds attached to the lead compounds, which project

~.-chemical functionalxtles in multiple directions, can be subjec-

ted to combinatorial structural diversification (18). The lib-
rary is screencd with recombinant clones of the target protein

- for compounds binding the target at multiple independenit
_ protein ‘amino acid motifs. This may produce compounds
_“which can inhibit target proteins by binding at multiple sites.

This theoretically can produce inhibitors which are very sclec-
tive and are high affinity binders.

- DESIGN OF MOLECULAR THERAPEUTICS WHICH DO NOT DEPEND ON
" AVAILABILITY OF PROTEIN STRUCTURE The algorithm outlined above

for the development of drugs based on the analysis of protein
structure js different when there is no X-ray crystallographic
data or nuclear magnetic resonance imaging based on structu-
ral data. The design of cancer treatment drugs without struc-
tural data is based on two approaches.

1. Use of computational chemistry to provide information
about what kinds of chemical functionalities will bind to ca-
talytic sites of the oncoprotein targets. Another example is
the development of mimics for growth factors which are in-
hibitory for growth factor receptors. Once chemical mimics

“are designed for particular targets, then cell line experi-

ments, followed by animal model experiments are carried

‘out to test the safety and efficacy of the candidate compo-

unds.

2. The other basic zipproa’ch uscs recombinant fragmcnté of
the target protein to screen phage display random peptide lib-

‘raries for peptide which bind to the target protein. The next
© step is to identify the common amino acid motifs in the pep-

tides which confer binding specificity to the oncoprotein tar-

gets. Site directed mutagenesis is then use to identify which

amino acid moietics necessary for binding. Computational
chemistry is thenused to design of low molecular weight che-
mical functionalities which can block the function of the on-

26

coprotein upon which the transfoi med phenotype of thc can-
cer coll depends.

At the end, combinatorial libraties can be generated which

are based oh mimics of peptides which bind to the target pro-

teins. The combinatorial libraries contain the bias of the mi-

nmics as the binding domain, but also contain 4 or'S other che-

miical functionalities, €ach projecting from a different position
on the scaffold, which can be independently varied structu-
rally. This creates inhibitors which bind to 4 or 5 independent

domains at the target site. The chemical inhibitors thereby

produced can often bind with very high affinity and vcry selcc—
nvely ,

Using this approach for drug design, low molecular weight
chemicals are being developed for the following targets:
growth factor rcceptors, metastasis receptors, rcplication
complexes of DNA tumor viruses, and DNA fumor virusés
transforming proteins. In addition, normal protein targets
such as anti-angiogenesis inhibitors are being developcd as

well.

APPROACHES FOR THE DESIGN OF MOLECULAR THERAPEUTICS

‘FOR GYNECOLOGICAL DISEASES

DESIGN OF 'MOLECULAR THERAPEUTICS FOR HPY ASSOCIATED NEO-
pLASMS Human papilloma virus (HPV) associated neoplasms
represent the second leading cause of cancer death amori‘g
women in the world (19). In developing nations;, HPV asso- -
ciated neoplasms represent the leading cause of death among
women between the ages of 25 and 35, In the United States,
cervical cancer has been controlled for the majority of indivi-
duals who participate in ycarly screening with the PAP smear.

‘Chronic dysplasia associated with hlgh-mk gene type of HPV

infections which place women at a very high risk of develo-
ping cervical cancer. However, this transition from a dysplas—
tic mucosa, in which the HPV DNA is replicating asan cplso-
me, and frankly invasive caricer, in which the HPV DNA is m-'
tegrated into thc host cell DNA may require years.

Most people clear the HPV infect'inn spontaneously. How-
ever, a small percentage of individuals fail to clear the infec-

tion possibly due to a defect in antigen presentation. These
are the individuals in whom there is a high risk of developing

cervical cancer. The PAP smear picks up these mdwidua]s It
the dysplasia is severc, surgical interventions are utilized to
treat thesc individuals. In developing nations, there is no infra-
structure for the screening of individuals who have cervical
dysplasia or who are positive for chironic HPV infections.

Among immunodeficient individuals, HPV infections are
much more extensive and may spread to the réctal and anal
mucosa. Chronic infection in immunodeficient individuals
places the individuals at risk of developing rectal cancer.
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A PAP smear for the rectal mucosa has been developed for
HPV infections of these individuals as well.

~Two approaches dre being used 16 attempt to prevent cervical
‘cancer: vaccines which would make women and mien all over
the world resistarit to infection by HPV, and drugs which are
specifically targeted to suppress the replication of the HPV
virus. ‘

Comp‘ﬂtétiénél chemistry was used to make prediétions abo-

- ut the types of chemicals which might suppress ’the'rep‘licati‘on '

~ of the HPV through disruption of the replication initiation

complex on the LCR of the viral DNA in the laboratory of
David Austin. These data indicated that the indole nucleus
might be useful as an inhibitor of rephcatxon of HPV, which
depends on E2 and E1. '

 Fujii et al. (20), working in the Deisseroth laboratory, found
that the indole nucleus appeared in random peptides which
bind to HPV E2. This work suggested that the indole nucleus”
-would be important as a basis on which to build low molecu-

lar weight chemical inhibitors of HPV replication. This data

led to the funding of a multi-institutional National Cancer
Institute trial designed to study the feasibility of using the in-

‘dole nucleus to suppress chronic infections associated with

HPV. At the same time, plans were developed to use combi-
natorial and computational chemistry to develop new inhibi-

‘tors for the replication of HPV (18).

DEVELOPMENT OF MOLECULAR THERAPEUTICS BASED ON REPLICATION
'COMPETENT ADENOVIRAL VECTORS FOR OVARIAN CANCER Ovarian

- cancer is restricted to the peritoneal cavity in the majority of

patients even at advanced stages of disease (21). However,
80% of paticnts are unresectable due to the dissemination of
the ovarian cancer from the primary tumor to multiple sites

‘within the peritorieal cavity as microscopic disease in multiple

~ areas throughout the peritoneal cavity. These microscopic

implants lead to relapse in ovarian cancer patients.

Intracavitary chemotherapy and abdominal radiation therapy
have both failed to prevent this from happening in the majo-
rity of patients, because the ovarian cancer cells are more re-

- sistant to the effects of chemotherapy and radiation therapy
“ than are the normal peritoneal lining cells. With the advent of

adenoviral vectors and genetic therapy, there is an expectation
that ovarian cancer could be treated with genetic or molecu-
lar therapy. :

Our group has developed a series of adenoviral vectors desig-
ned to exhibit selective toxicity towards ovarian cancer withotit
damaging the normal peritoneal lining cells of the perito:

‘neal cavity. The start of this project was with the discovety

made by Chung ef al. (22) that the L-plastin'promoter, when
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" placed in the backbone of the aderioviral vectors, retained its

selectivity of expression on estrogen déperidént tuor tissie,

and was not actively expressed in-the normal peritoneal lining

cells (23). This promoter was then placed 5° to the E1A gene

" of the adenoviral vector, which the vector needs to be replica-

tion competent and directly lyse tumor cells (24). This produ-
ced a vector which was directly cytolytic to ovarian cancer

cells, but which was not toxic to normal peritoneal lining cells

(24). The next stage was to place a prodrug activation trans-
cription unit in the conditionally replication competent L-
plastin/E1A adenoviral vector. Finally, the next phase will be
to engineer the fibrillar protein so that the adenoviral vector -
will bind to tumor célls but not to the normal peritoneal cells. .
These vectors are being studied in pre-clinical animal models.

SUMMARY OF MOLECULAR APPROACHES TO CANCER TREATMENT
1t is clear that the advent of genetics, molecular biology and
the ability to transfer structural information about oncoprote-

‘ins into chemical functionalities, has fbrev‘érgchaﬁg’ed the

prospects for the development of a new generatipn of thera-
peutics which will exhibit greater degrees ‘of selectivity and
greatet efficacy. Already, the vanguard of this new generation

- of therapeutics has reached the ¢clinic. The early success with

these agents has raised the hopes that these compounds will
produce dividends for cancer patients all over the world. In
addition, the increased selectivity of these compounds will
reduce the suffering of patients and reduce the burden imposed

~ on society due to toxicity.
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ABSTRACT

Pro-drug activating transcription unit gene therapy is one of promising approaches to
cancer gene therapy. Tissue or tumor specific promoters and replication competent viral vectors
have gained much interest in recent years. In this study we report the construction of a new
replication competent bicistronic adenoviral vector carrying cytosine deaminase (CD) gene
deriven by L-plastin promoter (AdLpCDIRESE1a) and invitro cytotoxicicty and in vivo efficacy
in an animal model of colon cancer. A similar vector deriven by CMV promoter has also been
constructed (AdCMVCDIRESE1a). While AdLpCDIRESE1a showed significant cytotoxicty in
tumor cells of breast (MCF-7), colon (HTB-38) and ovary (ovcar 5), no significant toxicity was
seen in human mammary epithelial cells (HMEC). Addition of 5-fluorocytosine (SFC)
significantly increased the cytotoxicity of both AdLpCDIRESE1a and replication incompetent
vector (AdLpCD). However, no significant cytotoxicity was observed with the additon of 5FC in
mammary epithelial cells. The tumor cells infected with AAJLpCDIRESE1a vector, also showed
significant by stander effect even in the ratio of 0.25 of infected cells. The injection of
AdLpCDIRESEI]a to the subcutaneous tumor nodules along with peritoneally administered 5-FC,
decreased the tumor size and growth rate. Also this group of mice lived much longer than the
other groups including viral vector alone and AdLpCD +5-FC. The impressive results of in-vitro
cytotoxicity and encouraging results of in-vivo testing of the our newly constructed
AdLpCDIRESEla sugéest the potential use of the vector for intracavitary therapy of peritoneal

carcinomatosis.




INTRODUCTION

Although only a small number of cancer gene therapy trails have been completed, and few
still successful, gene therapy is regarded as one of the most exciting new directions in cancer
treatment. Many of these trials have used adenoviral vectors to carry prodrug activation
transcription units to sensitize the cancer cells to chemotherapy agents without generating
unnecessary side effects on the normal tissues of the body. Among the prodrug strategies,
adenoviral vectors carrying the Eschen'chia Coli or yeast cytosine deaminase (CD) gene (1),
which catalyzes the conversion of the relatively harmless drug, 5-Fluorocytosine (SFC) into the
cytotoxic agent, 5-Fluorouracil (5FU), is one of the most frequently used because of the
following advantages: when generated in sufficient quantities, SFU can kill both dividing as well
as non dividing cells, due to its incorporation into RNA as well as DNA (2,3).

Adenoviral vectors are among the most widely used vector systems for the introduction of
genetic elements into somatic cells for cancer gene therapy. The limitations of the adenoviral
vectors include the stimulation of a vigorous immune response, although in cancer gene therapy,
this may not always be a disadvantage. Adenoviral vectors have some advantages, which other
vector systems do not share: transgene expression in non-dividing cells, and a broad range of
cells which it infects. The abiﬁty to infect host cells, normal and cancer cells, and to express the
therapeutic transgene in dividing as well as non-dividing cells, is a major cause of toxicity (4,5).
The use of tumor or tissue specific transcription promoters is one of the current approaches to
solving this problem (6,7). Accordingly, our laboratory has constructed adenoviral vectors using
the L-plastin promoter, which is a tumor specific promoter, which drives the expression of
therapeutic transgenes in tumor cells but not in normal cells (8). Experiments carried out by Xue

yuan Peng of our laboratory has recently shown a tumor specific suppressive effect of the L-




plastin driven CD transcription unit carried by replication dgficient adenoviral vectors to ovarian,
breast and bladder cancers (9).

In the experiments summarized in this report, our goal was to study the use of replication
competent and incompetent L-plastin-driven adenoviral CD vectors in normal and tumor cell
lines, and therapeutic efficacy of the 5-FC/replication competent and incompetent L-plastin-

driven CD vector gene therapy in an animal model of colon cancer.

MATERIALS AND METHODS
Cells

The human breast cancer cell line (MCF-7), the transformed human kidney cell line
(HEK293) and the human colon cancer cell line (HTB-38) were purchased from American Type
Culture Collection (ATCC). The human epithelial ovarian cancer cell line (Ovcar-5) was
obtained from Dr. Thomas C. Hamilton of Fox Chase Cancer Center, Philadelphia, PA. The
human mammary epithelial cell line (HMEC) was purchased from Bio-Whittaker, Walkersville,
MD. The MCF-7, Ovcar-5, HEK293 cell lines were grown in Dulbeco's Eagle Medium including
10% heat-inactivated newborn calf serum (NBC) and HTB-38 cells were grown in McCoy's SA
modified medium supplemented with 10% NBC. The HMEC cell line was grown in a growth
medium supplemented with hydrocortisone (0.5ug/ml), insulin (5 ug/ml), epidermal growth
factor (10 ng/ml) and bovine pituitary extract (26 ug/ml). All the cell lines were maintained in a
5% CO,, humidified tissue culture incubator at 37°C. The HTB-38 cell line was tested for mouse

hepatitis virus before inoculating the mice.



Construction of adenoviral vectors

Wild type Adenovirus type 5 (AdSWT) was obtained from ATCC. A replication-deficient
adenoviral vector carrying the L-plastin driven CD gene (AdLpCD) was engineered in our
laboratory in a previous work (8,9). In the work described in this paper, a new replication
competent bicistronic adenoviral vector carrying the L-plastin driven CD and Ela genes in a
single continuous bi-cistronic transcription unit was constructed. The CD gene was synthesized
by PCR from the pShuttleLp-CD plasmid using the primers Xhol (ccgctcgagaggctaatgtcgaat) and
Xbal (getctagattaccgtttgtaatcgat). The IRES (intra ribosomal entry site) sequence, obtained by
PCR from pCITE (2+) with the primers Spel (ggactagtggttattticcaccatattgcegt) and Sall
(acgcgtcgacggtattatcatcgtgttittca) was inserted between the Xbal/Spel and Sall restriction sites.
An 2.4-kb fragment of the L-plastin promoter, truncated by Injac Chung of our laboratory from
the 5-kb promoter extending from the nucleotide —2265 of the 5* region of the L-plastin promoter
to +18 bp from the transcription initiation site of the L-plastin gene (8), was inserted between
Notl and XhoI of pShuttle. This vector is designated AJLpCDIRESEla. After linearizing the
constructed plasmid with Pmel, it was cotransformed into the E.coli strain BJ5183 with
pAdEasy-1 viral DNA plasmid for homologous translocation. Another bicistronic virus with the
CMV tumor non-specific promoter, instead of the L-plastin promoter, was constructed. This
vector is designated AACMVCDIRESEla. The maps of the newly constructed replication
competent viruses are shown in Figure 1. Following the validation of the structure of the
recombinant AdLpCDIRESEla and ACMVCDIRESEla by restriction digest, the vectors were
transfected into HEK293 cells where the E1 gene is complemented in vivo (10).

The number of infectious adenoviral particles in the stocks of both AdLpCD and
AdeCDIRESEla, expressed as plaque-forming units (pfu), was determined by limiting dilution

assay of plaque formation in HEK293 cells.



Analysis of the expression of the CD gene in the AALpCDIRESE1a Vector

The expression of the CD gene in the bicistronic transcription units of the
AdLpCDIRESE1a vector was measured by extracting RNA from cells infected with the vector
.and then use of the RT-PCR of this mRNA to generate cDNA for molecular weight analysis. The
primers for this reaction were: Xhol (ccgctcgagaggetaatgtcgaat) and — Xbal
(gcetctagattaccgtttgtaatcgat), which come from the CD gene. The predicted molecular weight of

the CD fragment generated by this PCR reaction is around 1.2 Kb.

Cytopathic effect of the vectors

The HTB-38, MCF-7, Ovcar-5 and HMEC cells were seeded at a density of 200.000
cells/well in 6-well plates. 24 hrs later, the cells were infected by exposure to the following
vectors: AASWT, AdLpCD and AdLpCDIRESEla and AACMVCDIRESE1a at various MOL
Following the culture of the infected cells for an additional 4 days, the cells were examined for

cytopathic effect by light microscopy.

Functional analysis of the CD gene in the Adenoviral Vector Backbone:

The HTB-38, MCF-7, Ovcar-5 and HMEC cell lines were seeded at a density of 200,000
cells/well in 6 well plates. The cells were then exposed to the AdLpCD and AdLpCDIRESE1a at
the following MOI (0, 0.1, 1, 10, 30, 80). 24 hrs later 500uM 5-fluorocytosine (5-FC, Sigma
Chemical Co) was added to the cells. Following the incubation of the cells for an additional 4
days, the cells were tryi)sinized and the surviving cells counted with trypan blue exclusion test.
The percentage of surviving infected cells was calculated by taking the ratio of the surviving cells

incubated at 0 MOI as 100%.




Bystander effect assay
Following exposure of the cell iine to the vector under conditions which would lead to
infection of 100% of the cells (MOI of 80 with AdLpCD and AdLpCDIRESEla viruses), the
infected cell lines HTB-38, MCF-7, Ovcar-5 and HMEC were mixed individually with the
corresponding uninfected cells at the following ratios of infected to uninfected cells: 0, 0.05,
| 0.25, 0.50, and 1.0. The seeding density of the total number of cells was 2x10° cells/well into six-
well plates. 24 hrs later, 500 uM 5-FC was added. Following the incubation of the cells for an
additional 4 days, the cells were trypsinized and the 5urviving cells counted with the trypan blue

exclusion test.

Animal studies

The HTB-38 cells (3x10°) suspended in PBS were injected s.c. in 35 nude/nude mice,
purchased from Charles River Labs, Wilmington. Following sufficient time to allow for the
development of the tumor nodule to a size in the 50 cumm range, the mice were randomly
divided into 5 groups and 10® pfu of the AdLpCDIRESE1a and AdLpCD vectors were injected
intratumorally (i.t.) for two groups of 7 mice for each of the treatment groups, and with PBS for
the control group. Then, 500 mg/kg of SFC was injected intraperitoneally into experimental
groups of animals in which the sensitization of the infected tumor cells to SFC by CD was to be
studied, and with equal amounts of PBS into animals in which the growth of the tumor nodule in
the absence of treatment was to be studied, once a day, for 7 days. Then, tumor sizes were
measured every 6 days. Tumor volumes were calculated by the formula ‘volume = length x

(width’/2)' (9).




Statistical analysis

Results of the invitro cytotoxicity tests were evaluated by a non-linear regression method
and the maximum cytotoxicity of the viruses were compared by the Student’s t test. One-way
ANOVA (with LSD post-hoc comparisons) and Mann-Whitney tests were used for the
comparison of tumor volumes. Tumor growth rates were evaluated by regression analysis.
Survival analysis was performed according to Kaplan-Meier method and the log-rank test was

used for survival comparisons.

RESULTS
Expression of the CD gene in véctor exposed tumor cells.

The MCF-7, Ovcar-5 and HTB-38 cell lines were seeded at a density of 200,000
cells/well in 6-well plates. 24 hrs later, these cells were infected by the AASWT, AdLpCD and
AdLpCDIRESEla and AACMVCDIRESE]a vectors. Following an infection period of 12 and 16
hours, the cells were collected by trypsinization and washed with PBS. Total RNA was then
isolated and cDNA was then generated using the primers specific for the CD coding transcripts.
CD gene was synthesized and amplified from the mRNA of the gene by RT-PCR. The bands for
CD gene, obtained by 1% agarose gel electrophoresis, are shown in Figure 2. The bands
produced in Figure 2 show that the expected molecﬁlar weight was obtained from the
amplification of the RNA from the CD vector cells, whereas it was not seen in the RNA from the

cells infected by the control vector.




Analysis of cytopathic effects generated in normal mammary epithelial cells in cell lines
exposed to newly constructed viruses.

The cytopathic effects (CPE) generated by exposure to the AdSWT,
AdCMVCDIRESEla, AdLpCDIRESEla, and AdLpCD vectors. were studied in the following
tumor cell lines: MCF-7, Ovcar-5 and HTB-38, and in explants of normal mammary epithelial
cells (HMEC). Replication competent viruses (AdWT, AdLpCMVCDIRESEla and
AdLpCDIRESE1a) produced a strong CPE following 4 days of infection in tumor cells (data not
shown). The wild type adenovirus (AdWT) and the CMV driven viruses (AdCMVCDIRESE1a)
produced a strong CPE on HMEC, whereas the Lp—driven viruses (both replication competent
and non-competent) had no or minimal CPE (Figure 3). These studies showed that the L-plastin

promoter was tumor specific in its generation of a cytopathic effect in mammalian cells.

Analysis of the in vitro cytotoxicity test generated by vectors at different MOI in tumor cell
lines.

In this study, invitro cytotoxicity tests were carried out with both replication competent
and incompetent LQplastin-driven vectors. As shown in Figure 4, the cells exposed to the
AdLpCDIRESEla vector at showed significant cytotoxic effect starting at the dose of 1 MOI in
tumor cells (Figure 4). The maximum predicted cytotoxic effect of the replication competent
AdLpCDIRESEla vector (with SFC treatment) was seen at 80 MOIL The percentage of cells
killed seen in the MCF-7 and HTB-38 cell lines at 80 MOI (70.9% and 66.1%) was greater than
that seen in the Ovcar-5 cell line (46.5%). However, the maximum cytotoxic effect of the
AdLpCD replication incompetent vector at 80 MOI with 5FC treatment was 19.3% in MCF-7,
21.6% in HTB-38 and 16.1% in Ovcar-5 cells (see Fig. 4). The cytotoxic effect of replication-

competent virus was significantly higher than that of the non-competent virus in all studied tumor




cell lines (p<0.0001). In contrast to the experience with the tumor cell lines, the rate of the
surviving HMEC cells exposed to vectors at 80 MOI was more than 80 % after 5 days of the
infection for both replication competent and non-competent vectors when they were driven by the
L-plastin promoter.

The maximum predicted cytotoxicity after addition of 5-FC to the AdLpCDIRESEla
vector was 91.3% in MCF-7, 94.9% in HTB-38 and 87.3% in Ovcar-5 cells. Addition of 5-FC
significantly increased the cytotoxicity in all tumor cells (p<0.001, p<0.01 and p<0.0001,
respectively). 5-FC, also caused significantly more cell death in MCF-7, HTB-38 and Ovcar-5
tumor cell lines infected with non-competent vector when compared to vector alone (58.6%
p<0.0001, 57.0% p<0.01 and 67.7% p<0.001, respectively). The change in maximum predicted
cytotoxicity of the vector in HMEC cell line after addition of 5-FC was not significant for both
types of vectors (for replication competent virus; 13,8% vs. 19.2 %, p>0.05 and for non-
competent virus; 7.4% vs. 11.1%, p>0.05). This data also suppofts the tumor selective expression

of CD gene carried by newly constructed vectors.

Analysis of the cytotoxic effect of infected cells on uninfected cells

To evaluate the effect of 5-FU generated in and released from the CD vector infected cells
on the uninfected cells by the CD catalyzed conversion of SFC into SFU and the release of SFU
from the infected cells, we generated mixtures of the cells infected with the AdLpCDIRESE1la
and AdLpCD vectors under conditions which lead to infection of 100% of the cells, with
uninfected cells at the following ratios of infected to the uninfected + infected cells: 0, 0.05, 0.1,
0.25, 0.50, and 1.0. The mixtures were plated in 6 well plates and then exposed to S5-FC at
500uM. The effect of the 5-FU released from the infected cells on the vector non infected cells

was seen starting at a ratio of infected to non-infected + infected cells of 0.25 (see Figure 5).



More than half of the cells were dead even when the ratio of infected cells was less than 25%.
The significant by-stander effect augments the cytolytic effect of the CD vectors is greater in the
presence of SFC than in its absence, and the vector with the Lp-CDIRESEla bicistronic
transcription unit was more toxic than the Lp-CD vector. Thus, the addition of the Ela
transcription unit to that of the CD gene appeared to increase the cytotoxikc effect of the vectors
on tumor cell lines. Finally, all of the effects of the vectors appeared to bé tumor specific when
the L-plastin promoter was used to drive the therapeutic transcription units, on the basis of the
comparison of the effect of the L-plastin and CMV driven vectors on normal mammary epithelial

cells as compared to breast cancer cell lines.

The efficacy of the AALpCDIRESE1a replication competent virus in in-vivo model

The efficacy of replication-competent and non-competent vector/5-FC systems was tested
in nude mice bearing tumor nodules of subcutaneously injected the human colonic cancer HTB-
38 human colonic cancer cell line. On the eighth day of the injection of HTB-38 cells, the tumor
volumes were measured and the mice were randomly divided into 5 groups: the mice injected
intratumorally with the AdLpCDIRESE1a vector and then treated intraperitoneally with 5-FC,
the mice injected intratumorally with the AdeCDIRESEla vector ;Nithout 5FC treatment, the
mice ihjected intratumorally with the AdLpCD vector followed by intraperitoneal 5-FC
treatment, the mice inje&ed intratumorally with the AdeCD vector without SFC treatment, and
control mice injected intratumorally with PBS. The average volume of tumor nodﬁles in the
control and AdLpCDIRESE1a treated groups on the first day of treatment (day 0) were lower
than in the other groups (see Figure 6). The mice in all groups were followed until the animal was

sacrificed due to large tumor size or until the end of the 44 days of observation period. Most of




the mice, which were alive at the end of the observation period, were sacrificed at the end of the
observation period (44™ day of virus injection) because of the large size or the tumor nodules.

There were 4 partial remissions (4/7) in the AALpCDIRESE1a+5FC treated group at the
end of the first week of the treatment. The average tumor volumes of this group significantly
decreased during the first week (p=0.046). However, the tumor nodules of the responding mice
started to grow after 2 weeks of drug administration. Neverf:heless, the tumor growth rate in this
group was significantly lower than that of the other groups during whole study period (p<0.05).
Tumor volumes of the AALpCDRESE1a+5FC treated group were significantly lower than that of
the AdLpCDIRESEl]a, AdeCD+5-Fb and control groups during the observation period
(p<0.05) (Figure 6). There were no objective tumor responses in other groups. However, tumor
growth rate of AdLpCDIRESEla group was significantly lower than control and AdLpCD
groups (p<0.01). There was no significant tumor response in the AdLpCD+5-FC group. Tumor
volumes of this group also did not significantly differ than AdLpCD and control groups (Figure
6).

The mice in the AALpCDIRESEla+5-FC group lived significantly longer than the other
groups (p<0.02) as shown in Figure 7. While the median survival in this group was not reached
during the observation period, it was 41, 36, 36 and 22 days for AALpCDIRESE1a, AdLpCD+5-
FC, AdLpCD and control groups. All of the virus-injected groups lived longer than the mice in

the control group (p<0.01).

DISCUSSION
In this report, we present the analysis of a series of adenoviral vectors designed to

explore the potential of using prodrug activation transcription units driven by a tumor specific




promoter (L-plastin). The cytotoxic effect of the vector carrying both the E1A and the CD
transgenes was greater than the vector which contains only the CD gene prodrug activation
transcription unit without the Ela gene, both in in vitro cell line experiments as well és in
experiments in human tumor xenograft models.

Pro-drug activation transcription unit gene therapy is one of many new and promising
approaches to cancer treatment. Previous reports have studied the tumor suppressive effect of
adenoviral vectors carrying the CD gene/5-FC system on various tumor cell lines and in vivo
models (2,11). However, most of these reports are focused on replication incompetent viral
systems. The infectivity of normal as well as tumor cells by the adenoviral vector has represented
a disadvantage for adenoviral vectors since the expression of the therapeutic transgenes in the
normal cells generates side eﬁ‘ects. In order to overcome this limitation, many groups have been
focusing on tumor or tissue specific gene promoters to reduce side effects. Our laboratory has
recently reported experiments involving vectors carrying the tumor specific L-plastin driven
promoter (8,9).

The use of replication competent viral vectors is a relatively new approach in gene
therapy of malignant diseases. The goal of this strategy is the direct killing of the target tumor
cell by oncolytic effect of the virus (12). Therefore, the insertion of prodrug activation
transcription units driven by the L-plastin promoter into conditionally replication-competent
vectors was predicted to increase the therapeutic effect without increasing toxicity.

In this study, we constructed a conditionally replicative bicistronic adenoviral vector
carrying both Lp-driven CD and Ela genes, and placed these transcription units under the control
of the tumor specific L-plastin promoter. Our newly constructed vector showed significant a CPE
on breast (MCF-7), colon (HTB-38) and ovary (Ovcar-5) carcinoma cell lines (data not shown),

which was greater than that of a replication incompetent vector. Importantly, both replication



competent and incompetent vectors, which carried CD/Ela or CD transcription units under the
control of the L-plastin tumor specific promoter caused no significant CPE on human mammary
epithelial cells (HMEC). However, wild type adenovirus and similarly constructed replication
competent CMV driven adenoviral vectors caused significant CPE to the HMEC by the 4™ day
after in initial exposure to the vector (Figure 3). These data show that the L-plastin driven CD or
CD/Ela vectors are selectively toxic to the tumor cell lines without being toxic to the normal
mammary cell explants.

MCF-7 and HTB-38 cells were found to be more sensitive to the new vector than Ovcar-5
cells (p<0.01 and p<0.02, respectively). The cytotoxicity effect of replication incompetent
vectors was minimal in both tumor cell lines and in normal cells. The addition of 5-FC to both
vectors significantly increased the cytotoxicity in tumor cells (Figure 4). The conditionally
replication competent vectors+5-FC killed almost all MCF-7 and HTB-38 cells. In both
replication competent and replication incompetent virus/5-FC systems, active drug released from
the infected cells may cause significant cell death among the uninfected cells. Our data show that
more than half of the cells were dead even the ratio of infected cells was less than 25%. This
significant by-stander effect seems to increase the efficacy of this virus/prodrug therapeutic
system.

The significant cytotoxicity seen with the in vitro assays with tissue culture tumor cell
lines led to the testing of the AALpCDIRESE1a/5FC system in an in vivo human tumor xenograft
model. We 'therefore established an in vivo colon carcinoma model of nude/nude mice with
subcutaneously injected HTB-38 cells. In our model, the AdLpCDIRESEla viral vector is
injected intratumoraly into subcutaneous nodules of the human colonic cancer cell line, HTB-38
followed by intrapertioneal injections (twice a day) of SFC in quantities sufficient to generate a

peak concentration of 500 micromolar. The injection of the AdLpCDIRESEla vector in the




absence of SFC did not cause tumor response but decreased the tumor growth rate. Addition of
5FC yielded approximately 60% objective tumor response rate along with a decrease in tumor
growth rate. The mice in this group treated with the AdLpCDIRESEla/5FC system lived
significantly longer than the mice in other groups. No tumor response was seen in the
AdLpCD+5FC treated group of mice. This is thought to be due to the provision of insufficient
viral particles to the tumor nodules. However, this problem can be overcome by repeated
injections of viral vector and prolonged administration of SFC.

The impressive results of the invitro cytotoxicity tests along with the longer survival of
the conditionally replication competent vector/SFC injected mice suggests that the promisiﬁg role
of the bicistronic vectors are more effective than the replication incompetent CD vectors and that
the L-plastin promoter can make the effect of these vectors tumor specific. This vector system
appears to have potential for intracavitary therapy of peritoneal studding in ovarian cancer

patients.
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FIGURE LEGENDS

Figure 1. The map of a newly constructed conditionally replication competent adenoviral vector.
A: AdLpCDIRESEla; B: AACMVCDIRESEla

Figure 2. Expression of CD gene in MCF-7 cells. 1: A DNA Hind /] fragments, 2: control RNA,
3: AdLpCDIRES plasmid, 4: wild type adenovirus, 5: no virus infection, 6: AdLpCD,
7: AALpCDIRESE1a (12 hour infection), 8: AJLpCDIRESela (16 hour infection), 9:
AdCMVCDIRESEla, 10: 1kb DNA marker, a: with reverse transcriptase (RT), b:
without RT.

Figure 3. Cytopathic effect seen in human mammary epithelial cell line (HMEC) infected with;
A. wild type adenovirus; B. AACMVCDIRESEla; C. AdLpCDIRESEla; and D.
AdLpCD.

Figure 4. Results of an in vitro cytotoxicity test. A: MCF-7 cells; B. HTB-38 cells; C. Ovcar-5
cells. D. HMEC cells. . :AdLpCDIRESEla+5-FC;

P =2» : AALpCDIRESEla; &8 — :AdLpCD+5-FC;4  —:AdLpCD . (Markers represent observed
and lines predicted data).

Figure 5: Results of by-stander effect assay. A: MCF-7 cells; B: HTB-38 cells; C: Ovcar-5 cells;
D: HMECcells. (9, == :AdLpCDIRESEla+5-FC; & — :AdLpCD+5-FC. (Markers
represent observed and lines predicted data).

Figure 6. Effect of intratumoral injection of tumor nodules with adenoviral vectors on tumor
growth.

Figure 7. Kaplan-Meier survival curves of nude mice with tumor nodules from HTB-38 colon

cancer.




